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D , Abstract 



We discuss supersymmetry breaking via 3-form fluxes in chiral supersymmetric type IIB 
orientifold vacua with -D3- and L>7-branes. After a general discussion of possible choices of 
fluxes allowing for stabilizing of a part of the moduli, we determine the resulting effective 
action including all soft supersymmetry breaking terms. We also extend the computation 
of our previous work [|l|] concerning the matter field metrics arising from various open string 
sectors, in particular focusing on the 1/2 BPS D3/iI>7-brane configuration. Afterwards, 
the F-theory lift of our constructions is investigated. 



1. Introduction 

Type //// superstring compactifications with D-branes are promising candidates to 
provide an effective 4-diniensionaI theory very similar to the Standard Model of particle 
physics. Concerning the question of how space-time supersymmetry is realized, at least two 
classes of models seem to be viable scenarios. First, space-time supersymmetry is broken 
by the D-brane configurations. In this case the supersymmetry breaking scale is expected 
to be near the string scale, and, as a consequence for solving the hierarchy problem, large 
internal dimensions are most likely required. Or, second, the open string sector from the 
D-branes preserves N=l supersymmetry. Then it is very natural to consider supersym- 
metry breaking effects in the closed string bulk which generically transmute themselves 
by gravitational interactions into the observable open string Standard Model sector. From 
the effective field theory point of view one is dealing with a low-energy effective N=l 
supergravity theory with soft supersymmetry breaking parameters, induced by the super- 
symmetry breaking effects in the bulk. It is this second class of models which we like to 
study in this paper in the context of chiral type IIB orientifolds with supersymmetric L>3- 
and L>7-brane configurations. 

Non-trivial field strength fiuxes for closed string p-form fields provide a natural mech- 
anism for space-time supersymmetry breaking in the bulk as well as for stabilizing at least 
some of the moduli of the underlying compactification manifold. Many attempts in this 
direction start from type IIB superstring theory compactified on compact Calabi-Yau 
manifolds (CYM) with 3-form NS and R fluxes. An immediate consequence of allowing 
those non-vanishing fluxes is, that one in general needs to introduce extended objects 
in order to satisfy the Einstein equations of the low-energy supergravity description 0. 
The string theoretical explanation to this is, that these fluxes imply positive or negative 
I?3-brane charge, which has to be cancelled by adding objects producing the opposite of 
this charge. Generically, this then results in a warped form of the metric due to the back 
reaction of the branes. Typically, if the flux produces a positive L>3-charge (so-called 
ISD fluxes), one may balance this charge by adding orientifold planes (of negative charge), 
anti-L>3-branes, or (wrapped) L>7-branes with or without 2-form fluxes. 

Examples of such vacua are type IIB compactifled on Calabi-Yau orientifolds (or 
toroidal orbifold/orientfolds) with L>3-branes flUing the uncompactifled space-time. If the 
L>3 flUs the uncompactifled space-time, the low-energy effective action on the Z)3-brane 
is conformally invariant and described by N=4 supergravity. Only if the D3-brane sits at 
a singularity, like a conifold singularity of a CYM or an orbifold singularity of an orbifold 
compactiflcation, the gauge theory on the L>3-branes leads to an N=l chiral spectrum. 
Hence, quite generically, apart from those special cases, the inclusion of fluxes leads to 
supersymmetry breaking from N=4 to non-chiral non-supersymmetric gauge theories. In 
order to obtain a chiral spectrum, one has to study more involved constructions. E.g. if in 
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addition to the DS-hranes one has DT-branes with internal 2-forni fluxes, one may obtain 
chiral non-supersymmetric theories after turning on 3-forni fluxes. This setup, which we 
want to study in more detail in this article, is T-dual to type IIA orientifold models 
with intersecting DG-branes [^^J^, which were extensively discussed in the literature (for 
a review see [^)lll'a. Finally note that type IIB with D3 and DT-branes can also be 
described by F-theory, whose constant coupling limits describe type IIB compactifled on 
CY orientifolds. 

A type // compactiflcation on a Calabi-Yau threefold Xq leads to /i2,i(-'^6) complex 
structure and hi^i{XQ) Kahler moduli flelds. Depending on how their related cohomology 
element behaves under the orientifold projection, some of the moduli flelds are projected 
out. The remaining flelds, together with the universal dilaton fleld, are the scalars of N=l 
chiral multiplets. In the case of unbroken N=l supersymmetry, and before turning on any 
fluxes, these moduli flelds have flat potentials and thus remain undetermined. As we shall 
recall later, due to consistency, only so-called ISD-fluxes are allowed to be turned on at 



the level of lowest supergravity approximation [0. After switching on such ISD-fluxes 
some or all of the complex structure moduli and the dilaton may be frozen at certain 
values as a result of flux quantization conditions. On the other hand, such fluxes do not 
generate a scalar potential for the Kahler moduli. Even if one allowed for lASD-fluxes, the 
situation would not be improved, since the flux-dependent superpotential only depends on 
the dilaton and complex structure moduli and a potential only for those moduli flelds is 
generated after turning on those fluxes. Hence those moduli remain undetermined. Other 
mechanisms, like higher loop effects, world-sheet instanton effects or gaugino condensation 
were discussed to generate a potential for the Kahler moduli. Moreover, ISD fluxes will 
lead to a negative (or zero) cosmological constant. Even after taking into account effects to 
stabilize the Kahler moduli, the potential generically has a negative minimum. However, a 
small positive cosmological constant appears to be called for by recent experimental data. 
Hence, in addition to the effects mentioned above, which flx the Kahler moduli, other 



effects have to occur to generate a positive potential. As suggested in [0, this may be 
achieved by adding anti-DS-branes. Our setup will be general enough to allow for these 
extra effects. 

If one does not want to rely on the above mentioned higher loop effects, world-sheet 
instanton effects or gaugino condensation, the introduction of D7-branes with 2-form fluxes 
in addition to the DS-branes provides a natural way to flx also the Kahler moduli of the 
internal space. (Moduli stabilization in type IIB orientifolds with D9 and anti-L>9-branes 



Recent promising attempts to construct supersymmetric intersecting brane models can be 
found in [0,|,|9|. 

Type IIB models with D9/Z)5-branes with magnetic .F-flux were also considered in Refs. 

HO- 



and 3-forni fluxes were considered in [|1^,T^, whereas type II A orientifolds with L>6-branes 



and fluxes were discussed in |lg].) Namely, the effective D-term scalar potential, which 
depends on the Kahler moduli, is due to the attractive (or repulsive) forces between the 
DS-branes and the DT-branes and also the orientifold planes, and in its (supersymmetric) 
minimum, most of the Kahler moduli are generically flxed. So putting together fluxes and 
different kinds of D3/ Dl-hranes (or in type II A intersecting I?6-branes), both complex 
structure as well as Kahler moduli can be stabilized. 

The main emphasis of this paper is on the computation of the soft supersymmetry 
breaking terms of the effective four-dimensional D3/D7 chiral gauge theory action after 
turning on the 3-form NS and R fluxes in the bulk. Our derivation of the soft terms 
will be performed in the framework of the D = 4 effective N=l supergravity action [^ 
where spontaneous supersymmetry breaking is due to the non-vanishing auxiliary F-term 
components of the moduli flelds [0|T3 . For the case of non-chiral orientifolds with only 



I?3-branes, the corresponding soft terms were already computed in [p0| , |21[| . For intersecting 
DG-branes, a computation of soft terms has been undertaken in [^. Speciflcally, we 
need the following two ingredients to compute the effective soft terms: First one has to 
determine the supersymmetry breaking F-terms, which originate from an effective bulk 



superpotential ||2^,^,^,^ due to the non- vanishing 3-form fluxes, as well as the effective 



action for the (closed string) moduli flelds in Calabi-Yau orientifolds p^. Second the 
knowledge of the D = 4 moduli dependent effective action of the open string gauge and 
matter flelds on the D3/D7 world volumes is required. Computing directly the relevant 
string scattering amplitudes of gauge, matter and moduli flelds from intersecting D6 
branes respective from L>9-branes with 2-form fluxes, the open string effective action was 
recently obtained in [|T|. Here we will compute, via mirror symmetry and also by direct 
string computations, the analogous effective action for the open string flelds on the D3/D7- 
brane system. In particular, we derive the matter fleld metrics arising from various open 
string sectors, in particular focusing on the 1/2 BPS D3/D7-brane conflguration. In 
order to deal with a speciflc set up, we consider an Z2 x Z2 orientifold with D3 and D7- 
branes, where we will derive the complete set of flux induced soft supersymmetry breaking 
parameters. 

The paper is organized as follows. In the next section we introduce type IIB ori- 
entifolds with D3 and L>7-branes and 3-form fluxes, which are T-dual to type IIA 
orientifolds with intersecting D6-branes. In section 3 we extend the results from [Q con- 
cerning the open string effective action to the case of il>3-branes together with DT-branes 
with 2~form fluxes. In chapter 4 we will then compute the effective action with the 3-form 
fluxes turned on, in particular the soft supersymmetry breaking terms. Finally, in section 
5, the F-theory description of our models is provided. 



2. Type IIB orientifolds with D?>— and 1)7— branes and three— form fluxes 

In this section, we shall construct type IIB orientifold models with D3- and Dl- 
branes, where we will allow for internal open string 2-forni /-fluxes turned on the various 
stacks of DT-branes. Chiral fermions will arise from open strings stretched between the 
D3-branes and the L>7-branes, and also from open strings stretched between different 
stacks of L>7-branes. These models can be obtained from type II A orientifolds with 
intersecting L>6-branes after performing T-duality transformations along three internal 
directions. The type II A intersection angles between the L>6-branes correspond to the 
different type IIB /-fluxes after the T-duality transformations. Specifically, we shall study 
the type IIB superstring compactified on a six-dimensional orbifold Xq = T^/F, with the 
discrete group F = Zn or F = Zn x Zm- Generically, this leads to an N=2 supersymmetric 
(closed string) spectrum in D = 4. In addition, to obtain an N=l string spectrum one 
introduces an orientifold projection 0/„, with Q describing a reversal of the orientation 
of the closed string world-sheet and In a reflection of n internal coordinates. For 0/„ to 
represent a symmetry of the original theory, n has to be an even integer in type IIB . 
Moreover, in order that Qln becomes also a Z2-action in the fermionic sector, the action 
flln has to be supplemented by the operator [(— 1)^^]I-2'J. Here, [^] represents the integer 
part of n/2. The operator (—1)^^ assigns a +1 eigenvalue to states from the A^5'A^S'-sector 
and a —1 to states from the i?i?-sector. Generically, this projection produces orientifold 
flxed planes [0(9—7i) -planes], placed at the orbifold flxpoints ofT^/In- They have negative 
tension, which has to be balanced by introducing positive tension objects. Candidates for 
the latter may be collections of D(9 — n)-branes and/or non-vanishing three-form fluxes 
H^ and C3. In order to obtain a consistent low-energy supergravity description, the 
above objects are subject to the supergravity equations of motion. Eventually, this puts 
restrictions on the possible choices of fluxes, to be discussed later. The orbifold group F 
mixes with the orientifold group 0/„. As a result, if the group F contains Z2-elements 9, 
which leave one complex plane flxed, we obtain additional 0{9— |n — 4|)- or 0(3+ |n — 2|)- 
planes from the element 0.1^6. 

Eventually, we want to turn on vevs for the (untwisted) three-form fluxes if 3 and -F3. 
This limits the possibilities for the choice of the orientifold projection O/^. Since the NS 
2-form B2 is odd under O, we need to take n 7^ in order for non-vanishing 3-form flux 
components Hijk = d^iBj^-^ to survive the orientifold projection. In the case of O/g, all 20 
real components Hijk may receive non-vanishing vevs [^. Here, Iq is the Z2-reflection 
of the three internal complex coordinates: 

l6 : z' — >-z' , z = 1,2,3 . (2.1) 



2.1. Ta2 X Z2 orientifold with D3 and D7-branes 

As a concrete example, we concentrate on the F = Z2 x Z2 toroidal orbifold (without 
discrete torsion), with the two group generators 9,uj acting in the following way 

^ :(^1,^2^^3)^(^1^_^2^_^3) (2.2) 

on the three internal complex coordinates ^* , z = 1, 2, 3. Furthermore, the six-torus T^ is 
assumed to be a direct product of three two-tori T^'-^, i.e. T^ = ®j=iT^'-^. The manifold 
(T^)'^/(Z2 X Z2) has the Hodge numbers /i(i,i) = 3 and /i(2,i) = 51- Hence, there are three 
Kahler moduli T-^, 

T^ =a^ +i R{R^ sina^ , j = 1, 2, 3 , (2.3) 

describing the size of the three tori T^'-', with the metric: 

_f {Rir RiRicosa^\ 

^'~ \RiRicosa^ {Rif ) ' ^ ' 

Here, the axions a^ stem from reducing the RR 4-form on the 4-cycles T^'^ x T^'', i.e. 
a^ — f C4. Besides the three complex structure moduli 

W = ^e^-\ i = l,2,3, (2.5) 

there are 48 additional ones, which represent blowing up moduli. The latter refer to the 
3x16 fixpoints resulting from the orbifold group elements 6, uj and 9uj. These orbifold 
singularities are of real codimension 4. The respective modulus corresponds to a C2 x Ci 
cycle. The Ci refers to a P^, which is collapsed at the orbifold singularity and the C2 
denotes the torus, which is fixed under the respective orbifold group. Hence we have 48 
collapsed 3-cycles C2 x Ci of type (2, 1) and (1, 2). A detailed discussion of the massless 
spectrum of this model will be given in the next section. There is one subtlety concerning 
the correct field definitions. The moduli fields T^ ,IA^ we get from the geometry (we call 
them the moduli in the string basis) are not scalars of chiral multiplets, so we need to make 
a basis transformation to obtain the physical fields suitable for a field theory calculation. 
We will now introduce the moduli 5", T-', U^ in the field theory basis. For the complex 
structure moduli, we do not need a redefinition in type IIB , W = V^ . The imaginary 
part of the Kahler moduli is given by the coupling of the gauge fields on a DT-brane g^ •, 
which is wrapped on the tori T^''^ and T^''. So 



T^ = a^+i —^\\ — — ^— . 2.6 

5 



The imaginary part of the dilaton S is given by the gauge couphng on the DS-brane g^^ : 

S = Co + i- = ■ (2.7) 

27r VlmTiImT2lmr3 



As described at the beginning, the orbifold group ( |2.2|) imphes the additional orien- 
tifold actions QIq9, QIqu and QIqOu. The latter essentially correspond to the generators 
n/|, n/2 and 0/|, respectively. The generators I2 reflect only one complex coordinate z^: 

4 : z^ -^ -z^ . (2.8) 

The orientifold action ( |2.8|) implies 64 03-planes O/g and 4x3 = 12 07-planes 0/| , /c = 

1,2,3. The latter are sitting at the four flxed-points of each T'^'^ jl^- These orientifold 

planes produce a negative C4 and Cg-form potential, which has to be cancelled. These 

potentials may be balanced by placing Z)3-branes and Z)7~branes on top of the orientifold 

planes. To obtain a chiral spectrum, we may introduce (magnetic) two-form fluxes F^dx^ A 

dy^ on the internal part of 1^7-brane world volume. Together with the internal NS S-fleldB 

33 
b^ we combine the complete 2-form flux into J-" = ^ J-^-' := X] (^ + 2na'F^) dx^ A dy^ . 

The latter gives rise to the total internal antisymmetric background 

w.r.t. the j'-th internal plane. The 2-form fluxes T-' have to obey the quantization rule: 



m \^}^^ , / J^^ = n^ , nGZ, (2.10) 



{2n)^a' 



i.e. f^ = a' ^. We obtain non-vanishing instanton numbers 

m^ m!" I T NT = (27r)4 a'^ n^ n^ (2.11) 

T2.JxT2.fe 

on the world-volume of a il>7-brane, which is wrapped around the 4-cycle T^'-^ x T^''^ with 
the wrapping numbers m? . Hence, through the C5'-coupling T-jC^NTNT.q. il>7-brane 
may also induce contributions to the 4-form potential. Note, that a il>3-brane may be 
described by a iD7-brane with /-^ —^00. To cancel the tadpoles arising from the Ramond 
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Note, that \P has to be quantized due to the orientifold projection fi to the values fo-* = or 



V = \ m. 
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forms C4 and Cg, we introduce Nd2, (space-time filling) DS-branes and K stacks of D7- 
branes with internal fluxes. More concretely, K^ stacks of A*"* L>7-branes with internal 
2-form fluxes T\T^ and wrapping numbers mi^^m'^ w.r.t. the 4-cycle T^'-^ x T'^'^. The 
cancellation condition for the tadpole arising from the RR 4-form C4 is 



Nd3 + 



(27r)4a 



4^,/2 



(i,j,fe) a=l T^2.,-.,T-2 fc 



32 



(2.12) 



={1,2, 3) 



T2,JxT2,fe 



i.e. according to Eq. (2.11) 



K^ 



^^3 + 2 E E K<nl 



32 



(2.13) 



= (1,2,3) 



Furthermore, the cancellation conditions for the 8-form tadpoles yield: 



K-' 



2 E ^a ml 

a=l 
2 E ^a m\ 



m„ 



m„ 



-32 



-32 



(2.14) 






2 E ^a ml ml = -32 . 



a=l 



The extra factor of 2 in front of the sums over the D7-brane stacks accounts for additional 
mirror branes. For each DT-brane with wrapping numbers (m*, m^), we also have to take 
into account its mirror (— tti*, —m^) in order to cancel induced RR 6-form charges. The 
r.h.s. of Eqs. ( p. 121) and (|2.14|) accounts for the contributions of the 03- and 07-planes, 
respectively. An 03-plane contributes — | of a L>3-brane charge T3. In the covering space 
the 64 03-planes are doubled, thus contributing 2 x 64 x (— i) = —32 on the l.h.s. of 
( p.l3|) . On the other hand, in L>7-brane charge T7 units, an 07-plane contributes 4T7. 
Hence, in the covering space, four (97-planes contribute 2 x 4 x 4 = 32 on the l.h.s. of 

(Mi)- 

A D3-brane placed in the uncompactifled D = 4 space-time produces the contribution 



Vd3 = Ts e 



a 



/3/2 



^TTTrri 



(2.15) 



to the total scalar potential V. Here Tp = {2n) ^a' 2 2 is the Dp-hrane tension [gO[ and 
I In [lm(T^)Im(T^)Im(T'^)/a'"^] the dilaton fleld in D = 4. Furthermore, a 
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DT-brane, wrapped around the 4-cycle T^'-' x T^''^ with wrapping numbers m^ ^m^ and 
internal gauge fluxes Z'^, /' gives rise to the potential 



4 ^'3/2 



.k I 



Vd7, = -T7 {2nr a"/^ e"** m^ m 



-ck 

l + ^ir 






-^2 -^2 



^2 



(2.16) 



In order that the D7-branes preserve some supersymmetry, their internal 2~form fliixes 



f\ f^ must obey the supersymmetry condition pi]] : 



ImT* ImT-? 

In that case, the potential (|2.16|) simplifies: 



(2.17) 



^4 ^'3/2 



Vd7, = -T7 (27r)* a'^/" e'-^^ m'= m' 1 - 



n-k T'l 
^2 ^2 



(-7- A; -T-Z 
- '2 -^2 

^2 



(2.18) 



Hence, the presence of Nos space-time filling L>3-branes and various stacks of L>7-branes 
produces a positive potentiala 



3 K^ 



Vd3/D7 = Nd3 VdS+^J^YI ^a Vd7, ■ 

j=l a=l 



(2.19) 



Furthermore, a negative potential is generated by the presence of the 64 03- and 12 
07j-orientifold planes: 



V03/07 = 2e-<^* a'3/2 ) _g4y/ 



1 



v^rmi 



4T^(27r)Ml/^i^ + l/S^+ 1^''^'' 



^2 



^2 



Ti 



(2.20) 
Here, the orientifold tension for Op-planes is given by T' = 2P~^Tp ||3^. The extra factor 



of 2 is due to the covering space. In the case of supersymmetric -D7-branes, i.e. ( |2.17| ) 
holding for each brane, we have 



V, 



+ Vo 



D3/D7 -r- V03/07 







(2.21) 



provided the tadpole conditions (|2.12|) and (|2.14|) are fulfilled. 

The simplest solution to the equations ( |2.12|) and ( |2.14|) is represented by the following 
example: We take 32 space-time filling L>3-branes and place 8 D7-branes on top of each 
of the 12 07-planes. This leads to a non-chiral spectrum and the 96 iD7-branes give rise 



The extra factor of two in front of the DT-brane sum accounts for the mirror branes. 



to the gauge group 5'(9(8)^^ [^. A more involved example, which leads to a chiral N=l 
spectrum, can be found: 



Stack 


Gauge group 


im\n^) 


{m\n^) 


{m\n^) 


N. 


1 


C/(2) 


- 


- 


- 


ADS 


2 


USp{8) 


- 


(1,0) 


(-1,0) 


8 D7 


3 


USp{8) 


(1,0) 


- 


(-1,0) 


8 D7 


4 


U{3) X [/(I) 


(1,1) 


(-2,1) 


- 


8 D7 


5 


USp{A) 


- 


(2,1) 


(-1,1) 


AD7 


6 


U{1) 


(2,1) 


- 


(-2,1) 


2D7 



Table 1: Chiral D'i/D7 brane configuration: wrapping numbers m\ 
internal Bux numbers n-' and amount of supersymmetry preserved. 



The supersymmetry condition ( |2.17|) may be fulfilled for each stack, provided the three 
Kahler moduli obey ImT^ = ImT'^ = T and ImT^ = ^T. Hence, in that case the NS- 
tadpoles are cancelled as well, i.e. ( |2.21| ) holds. In addition, two of the three Kahler 
moduli T^ are fixed as a result of demanding a chiral supersymmetric vacuum solution. 
The full configuration preserves N=l supersymmetry in D = 4. After performing T- 
dualities in the three ^-directions of the three tori T^'-', the above configuration leads to 
the supersymmetric intersecting L>6-brane model, introduced in 0. 
Together with the complex dilaton field 



S = T = Cq + ie 



-<t>io 



(2.22) 



we have /i(i,i) + ^(2,1) + 1 = 55 chiral N=l multiplets from the closed string sector (bulk): 
seven from the untwisted sector and 48 from the twisted sector. Additional chiral multiplets 
arise from the open string sector. The DS-branes have six real transversal positions (^*, 
which combine into 3 complex scalars. Furthermore the DT-branes which are wrapped 
around a 4-cycle give rise to one complex scalar describing the transversal movement and 
two Wilson line moduli. Moreover, there are moduli accounting for bundles on the D7- 
branes. In addition, there are moduli from the twisted (open string) sector, describing 
scalar matter fields. We shall come to a detailed discussion of the spectrum in section 3. 

2.2. Turning on the 3-form fluxes 

Let us now give non-vanishing vevs to some of the fiux components Hij^ and -Fijfc, 
with F3 = dC2, H^ = (ii?2- A thorough discussion of 3-form fiuxes on the torus (T^)^ 
is presented in appendix A. On the torus T^, we would have 20+20 independent internal 
components for Hijk and Fijk- In addition, all these components remain inert under the 
orientifold projection 0(— 1)^^/6. However, under O/2, only a subset of 12 of the 20 fiux 
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components survive [^|. Hence, after taking into account all three /2-projections I2, we 



are left with only eight flux components: 

-^135 5 HisQ , i?i45 , i?i46 5 -^235 7 -f^236 5 -f^245 5 -^246 ■ (2.23) 

A similar analysis applies to the RR 3-form flux components Fijk = d^iCjk], whose 2-form 
potential C2 is odd under (—1)'^^, i.e. 0(— 1)^^ C2 = — C2. With similar arguments as 
before, the components 



135 7 -f^l36 5 -f^l45 5 -c^l46 5 -C^235 5 -^236 5 -^245 7 -C^246 



(2.24) 



survive the orientifold projections 0(— 1)^^/2 , j = 1,2,3. So far, the effect of the orb- 
ifold action F has not yet been taken into account and the components ( |2.23| ) and ( |2.24| ) 
represent the set of fluxes, invariant under both I2 , j = 1,2,3 and Iq. Note, that the 
fluxes (|2.23|) and (|2.24| ) are automatically invariant under the orbifold group (|2.2| ) as well 



and no further components are lost. In fact, these 8 real flux components correspond 
to a linear combination of the 2/i2,i + 2/13,0 = 8 primitive elements of the cohomology 
H^{Xq,C) {cf. the next subsection). To summarize, we shall consider the type I IB 
orbifold (T^)^/(Z2 x Z2) supplemented with the additional orientifold ^{—1)^'-Iq action 
and obtain an N=l (non-chiral) spectrum in the closed string sector. After performing 
three T-duality actions in all six internal coordinates, this model becomes the non-chiral 
L>9/L'5-orientifold model of ||. 

The fluxes in ( |2.23| ) and ( ^.24| ) have to obey the quantization rules f2n]^a' Ic -^3 ^ ^ 
and (2-K)^oi' Ic -^3 ^ ^' "^itti Fs.Hs E H'^{Xq,Z). We shall make some comments in 
the following. It has been pointed out in Ref. |3^], that there are subtleties for toroidal 
orient ifolds due to additional 3-cycles, which are not present in the covering space T^. If 
some integers are odd, additional discrete flux has to be turned on in order to meet the 
quantization rule for those 3-cycles. We may bypass these problems in our concrete Z2 x Z2 
orientifold, if we choose the quantization numbers to be multiples of 8 and do not allow for 



discrete flux at the orientifold planes [|I4| , ^5(] . Note, that in addition to the untwisted flux 
components Hijk and Fijk there may be also NSNS- and RR-Unx components from the 
twisted sector. We do not consider them here. It is assumed, that their quantization rules 
freeze the blowing up moduli at the orbifold singularities. The extra 48 3-cycles, which 
are collapsed at those singularities, do not give rise to extra quantization conditions for 



the untwisted flux components. In fact, the flux integrals over those give zero [^ 
The two 3-forms F3, Hs are organized in the SL{2, Z)s covariant fleld: 

Gs=Fs- SHs . (2.25) 

10 



After giving a vev to the field Ga, tlie Chern-Simons termcl 

1 1 /■ C4 A Ga A G3 



<Scs 



2 {2iTy a 



7 ^/4 



s-s 



(2.26) 



of the ten-dimensional effective type IIB action gives rise to an additional tadpole for the 
RR four-form C4 (in units of T3): 



N 



1 



flux 



(2^)' «'' ixa 



HsAFs 



(2.27) 



Hence in the presence of 3-form fluxes, the tadpole condition ( |2.12| ) is modifled to: 



^ ^ ('.j.fe) a=i „ ,y^„ , 



32 . 



(2.28) 



={1,2, 3) 



7^2, J xT2,'= 



The CP even analog of ( |2.27| ) originates from the piece ^ (27r)7Q/4 J d^^x y/—gio l^sp of 
the L> = 10 type //S action and leads to the potential term in D = 4: 



2 {2ny a'4 y^^ 



rf^y G3 A ^6^3 . 



(2.29) 



According to [|T^,^, the latter may be split into a purely topological term Vtop, inde- 
pendent of the moduli fields, and a second term Vfiux, relevant for the F-term con- 
tribution to the scalar potential. After the decomposition G3 = G^^^ + G^^^^ ^ with 
•eC^^^ = +i G^^^ and •eC^^^^ = -i G^^^^, one obtains W^Ml^ 



Vfi 



1 



G 



lASD 



(2rr)7 a'4 J^^ 
Vtop = -e-^'' Ts Nfiux . 



A-k^G 



lASD 



(2.30) 



Hence, the total contributions to the scalar potential are: 

Vd = Vds/d? + ^03/07 + ^top , (2-31) 

Vp = Vflux ■ 

The piece Vd represents D-term contributions to the scalar potential due to Fayet- 
Iliopolous terms. See Ref. [pSI for further details. Only the last term corresponds to 



Throughout this section, we work in the string-frame, i.e. with the Einstein term 
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an F-term. For the case, that the conditions ( p.28 ) and ( p.l4 ) are met, Ramond tadpole 



contributions are absent. If in addition, ( ^.171 ) is met, i.e. only supersymmetric 2-form 
fluxes on the L>7-brane world-volume are considered, the first three terms add up to zero: 
^D3/D7 + ^03/07 + ^top = 0, i.e. Vd = 0. Let us remark, that this condition may generically 
also fix some of the Kahler moduli T^ . In the following, we shall assume, that Vd = and 
study only the F-term contribution Vp = Vfiux to the scalar potential V. The potential 
Vp , displayed in Eq. ( |2.31D , originates from the closed string sector only. It is derived from 
the superpotentiaB [p^ : 

W = . ^, ^ [ Gs A O . (2.32) 



2.3. The 3-form fluxes on {T'^f jT.^ x Z2 

We will now work out the explicit form of the 3-form flux 6*3 in terms of the closed 
string moduli t/* and S. Expressed in real coordinates, we take the following basis of 
3-form fluxes allowed on {T'^Y /7j2 x Z2: 

CKo = dx^ A dx'^ A dx^ P^ = dy^ A dy'^ A dy^ 

ai = dy^ A dx'^ A dx'^ d^ = -dx^ A dy'^ A dy'^ 

y y (2.33) 

^2 = dx^ A dy'^ A dx^ 0^ = -dy^ A dx'^ A dy^ 

as = dx^ A dx"^ A dy^ /3^ = -dy'^ A dy"^ A dx^ 

This basis has the property J^ en A (3^ = 51 . The above flixxes all fulfill the primitivity 
condition a^ A J = /3* A J = 0, with J the Kahler form. These are at the same time 
exactly the fiuxes that are allowed in a setup with three stacks of D7 branes, one stack 
not wrapping T3 , one not wrapping T2, and one not wrapping Tf , see appendix 1. 
Expressed in this basis, the Gs-fiux ( |2.25| ) takes the following form: 

1 ^ 

T^T^nG^ = J2i(^' - '^c')"^ + (^* - Sd,)P'}. (2.34) 

^ ^' ^ i=0 

A basis of H^ = if (3-°) © if ^^.i) ^ ^(1,2) ^ ^(0,3)^ corresponding to the fiuxes (^]3|) is 

dz^ A dz^ A dz^, dz^ A dz"^ A dz^, dz^ A dz"^ A dz^, dz^ A dz"^ A dz^, 

(2.35) 
dz^ A c^^ A (i^^, dz^ A dz"^ A c?2^, cf^^ A dz'^ A rfz^, cf^^ A (0^ A (i^^. 



The factor of A serves to obtain the correct mass dimension of 3 for the superpotential, i.e. 



A oc K4 ^ 
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where dz'^ = dx^ + U^dy'^. We now want to express this basis through our real basis {a^, (3^} 
and the complex structure moduli of T"^ x T'^ x T"^ : 

3 

00^^ =ao + aim + «2t/2 + asU^ - PiU^U^ - /^at^t/^ - PsU^U^ + PqU^U^U^ 

ujA^ = cto + "it/^ + a2U'^ + ctat^ - ^lU'^lP - P2U^TP - PsU^U^ + PqU^U^TP 
3 

1=1 



(2.36) 



ooBi =ao + aiU^ + a2U^ + a^U^ - PiU^U^ - P2U^U^ - PsU^U^ + PoU^U^U^ 



UJB2 = ao + aim + a2U^ + agt/^ - /3it/^t/3 - I32UW^ - fSsUW + /SoU^U'U^ 



UJB3 = ao + aim + a2t/2 + as^ - PiU^m - ^2^^ - PsUW^ + Pommm 

ubo obviously corresponds to the (3, 0)-part of the flux and the Calabi-Yau 3-form O can 
be normalized to equal ujbo- cuai, oja2 and ujas are the (2, l)-components of the flux, ujbi, 
ujb2 and 0^53 the (1, 2)-components of the flux, and ujaq corresponds to the (0, 3)-part, i.e. 

a 

Note that this basis is not normalized to one. It fulfills 



(2.37) 



r ^ - 

UJA^AiVB^ = llim-U'), i = 0, . . . , 3 
"^ i=l 

/ uJAj A uJBk = 0, j ^ k. 
Expressed in this basis, the Ga-flux takes the following form: 

1 ^ 

-— ^G3 = J](AW. + B^UB^). (2.38) 

^ > i=0 

By comparing the coefficients of G3 expressed in the real basis and in the complex basis and 
solving for the {A% -B*}, we can express the {A% S*} as a function of {a*, c% 6^, lii} and 
the moduli fields 5", t/\ By setting the respective coefficients to zero, we obtain equations 
for the respective flux parts. This gives us constraints on the {a*, c% 6^, (i^}. What has to 
be taken into account as well is the fact that the {a*, c% 6^, di\ must be integer numbers. 
This requirement can only be fulfilled for specific choices of the U^ and of 5", i.e. it fixes 
the moduli. 
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Expressed with the coefficients of the real basis, we find A^Aux, given in ( 2.27 ), to be 

3 3 

Afflux = ^c'b, -^a'di. 

i=0 i=0 

We want to find the corresponding expression in complex language. We find 

which is quite a nice expression. And it immediately teaches us something about the 
behaviour of the different fiuxes: The fiuxes obeying the ISD-condition, i.e. those having 
all Bi = 0, have A^Aux > 0, whereas the lASD-fiuxes, i.e. those with all Ai = have 

Afflux < 0. 

(i) The supersymmetric case: (2, l)—flux 

It is common knowledge that turning on only the (2, l)-part of the 3-form fiux does 
not break supersymmetry. Such a fiux fulfills the ISD condition and from eq. ( p.30| ) , we 
know that V^ux = 0. 

We obtain the necessary equations by setting the coefficients of the (0, 3)-, (1, 2)-, and 
(3, 0)-fiux to zero, i.e. Aq — Bq — Bi — B2 = B^ = 0. This corresponds to the following 
equations: 

3 
= U^U^U^ia'^ - Sco) - 5^ (a* - Sd)UW^ - {bo - Sdo) - J^i^^ " ^rf*)t/^ 

= U^U'^U^a'' - Sco) - {{a' - Sc^)U^U^ + (a^ - Sc^)u'u^ + (a^ - Sc^)u'u^}- 

- [bo - Sdo) - {{bi - Sdi)U^ + (62 - Sd2)U^ + (63 - Sds)U^} 

3 
= U^U^u\a^ - Sco) - 5^ (a' - Sc')u'u^ - {bo - Sdo) - Y^{h - Sd0 

= U^u''u^{a^ - Sco) - {(a' - Sc^)U^U^ + {a^ - Sc^)U^U^ + {a^ - Sc^)U^U^}- 

- {bo - Sdo) - {{bi - Sdi)U^ + (62 - Sd2)Tl^ + (63 - Sds)U^} 

= U^U^u\a^ - Sco) - {(a' - Sc^)U^U^ + (a^ - Sc^)U^U^ + {a^ - Sc^)U^U^}- 

- {bo - Sdo) - {{bi - Sdi)U^ + (62 - Sd2)U^ + (63 - Sds)!/"^}, 

(2.40) 
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with i ^ i ^ k. There is another, more elegant way of obtaining the equations for the 
(2, l)-fiux: G3 not having a (0, 3)-part is equivalent to requiring that 



Cs A O = 



which yields the first of the above equations. G3 not having a (3, 0)-part is equivalent to 
requiring that 



which yields the second of the above equations, and G3 not having a (1, 2)-part is equivalent 
to requiring that 

G3 A UAl = G3A UJA2 = / (?3 A UJA3 = 0, 



which gives us the remaining three equations. (We remember that ujaij ^A2^ ^az are the 
basis of the (2, l)-fiux.) The integration picks out the allowed flux components and we 
obtain the same equations as above in a different way. 

There is another equivalent way to obtain the equations for the (2, l)-flux. We know 
that for the flux to be supersymmetric, we must impose the conditions 



A 

(2^a' 



W = T—TT^ / ^3 A O = 0, 



DsW = dsW + kIW dsK = 0, (^-^^^ 

Du^W = du^W + kIW du^K = 0, 

where Dm is the Kahler covariant derivative and the Kahler potential K is given in the 
next section. We want to check, whether these conditions are really equivalent to the 
ones we found before. The first condition obviously corresponds to our first equation. 
After multiplication of the second condition with —{S — S"), we find it to correspond to 
/ G3 A O = 0, which is the complex conjugate of the second of our equations. After 
multiplicating the third of the conditions with —{U"^ — U ), we find it to correspond to 
J G3 A ujAi, so we have complete equivalence between our equations and the conditions 
above. 

Now we can solve for the {a^,c^,bi,di} and impose the constraint that they have to 
be integer numbers. These constraints cannot be solved in full generality, i.e. for arbitrary 
moduli and fiux coefficients. By fixing some of the moduli and/or fiux coefficients, it is 
possible to obtain special solutions. Here, we choose to fix the moduli to U^ = U'^ = U^ = 
S = i. 

One possible solution for the (2, l)-fiux we get is 
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7 ^21 = [-<^o + iidi + d2 + ds)] ao + [-di - z(-62 - ^3 + <^o)] «i 



(27r)2a' 

+ {-d2 - ib2) OL2 + (-(is - ^^3) "3 + (-(ii - (^2 - (^3 - ^do) (3^ \ • ) 
+ (-62 - ^3 + rfo - ^rfl) /3' + (62 - id2) /3' + (63 - id^) /3^ 

where b2,bs,do,di,d2,ds can be any integer number. As reported in section 2, we can 
avoid possible complications with flux quantization, if we take our flux coeflicients to be 
multiples of 8. This can be achieved by simply taking 62, ^3, do, di, d2, d^ to be multiples 
of 8. 

Expressed in the complex basis ( p.36|) , the solution takes the form 



7 G2I = \ [-62 - &3 + i{d2 + d^)] UJAl + ^ [&2 - <io + i{dx + dz)\ WA2 + 



(27r)2a 

+ ^ [63 - do + i[dx + ^2)] CUA3 

For Afflux we flnd 



^2.43) 



iVfl^, = 4(|A^|^ + |A^|^ + |A^|^) 
3 

= 2 (^ d\ + ^1^2 + (^1^3 + ^^2^3 + &2 + ^3 + ^2^3 " ^2(^0 " &3C^o) 



(2.44) 



i=0 



If we require Aflux to have a certain value, this places quite stringent constraints on our 
choice for the coefficients. The smallest possible Aflux for our solution, the coefficients 
being multiples of 8, is Ag^x = 128. To achieve this, we have several possibilities. We 
can for example set either of the di or hi to ±8, and all the other coefficients to zero. For 
do = 8 for example, all other coefficients being zero, this would amount to 

-— ^7^3 = 8 (-ao - idi - iP^ + P^)- 

Another possible solution would be 62 = 8, 63 = —8, or the other way round. This would 
result in 

1 " „ , . . o2 fl3^ 



— -^^^3 = 8 {-ia2 + ias + (3' - (3^). 



(ii) (0,3) -flux 

This flux meets the ISD-condition as well, therefore Vqux = 0. 
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To obtain the (0, 3)-part of the flux, we must set Ai = A2 = A^ = Bq = Bi = B2 = 
S3 = or equivalently require that / 6*3 A O = J Ga A ujai = f Gs A uja2 = f Gs A uas = 
f G3 A Ubi = f Gs a ujb2 = f G3 a UJB3 = 0. This results in the following seven equations: 

= U^U^U^a^ - Sco) - {(a^ - Sc^p^u'^ + (a^ - Sc^p^u'^ + (a^ - Sc^)U^U^}- 
- (bo - Sdo) - {{bi - Sdi)U^ + (62 - ^^2)17^ + {bs - Sdsp"^} 



= U U^U {a^ - Sco) - {(a' - Sc^)U^U + (a^ - Sc'')U U + (a^ - Sc^)U U^}- 

- (60 - Sdo) - {{bi - Sdi)u' + (62 - Sd2)U^ + (63 - Sds)U^} 

= t7'!7V3(a° - Sco) - {(a' - ^ci)t7V3 + (a^ - ^c^)!/'^/^ + (a^ - ^c^)!/'!/'}- 

- (60 - Sdo) - {{h - Sdi)U^ + (62 - Sd2)Tl^ + (63 - Sds)U^} 



= U^U^u\a^ - Sco) - 5^ (a' - Sc')U'u'" - {bo - rdo) - ^(6, - Sd,)u' 

= t7V2f/3(aO - Sco) - {(a^ - Sc^)V''V^ + (a^ - ^c^)!/'^/^ + (a^ - ^c^)!/'^/^}- 

- (60 - ^c/o) - {(61 - Sd{p^ + (62 - Sd2)U'' + (63 - ^rf3)t/3} 

= U^U^U^ia'^ - Sco) - {{a^ - Sc^)U^U^ + (a^ - Sc'')U^U^ + (a^ - Sc^)U^U^}- 

- {bo - Sdo) - {{bi - Sdi)U^ + (62 - Sd2)U^ + (63 - Sds)U^} 

= U^U''u\a'' - Sco) - {(a' - Sc^)U''u'' + (a^ - Sc^)UW'' + (a^ - ^c^)^/^^/^}- 

- (60 - ^c^o) - {(61 - ^c/i)t/^ + (62 - Sd2)U^ + (63 - ^c/3)C7'}, 

(2.45) 
with i ^ j ^ k. Now we solve again for the {a*, c*, 6^, di}, and after fixing the moduli 
t/i = t/2 = t/3 = 5 = z get a solution for the (0, 3)-flux: 

— — ^— 6*03 = (c^o + id2,)ao + (^3 - ido)ai 
(27r)^ct' 

+ (ii3 - ido)a2 + (ii3 - z(io)a3 - (c^s - «<io)/3° ^ ' ' 

+ (do + ^rf3)/3^ + (rfo + ^c^3)/9^ + {do + irfs)/?^ 

We see, that we now have much stronger constraints than in the (2, l)-case, which is no 
surprise, as we also have more equations to fulfill. When we could choose any integer 
numbers for 62, ^3, c^o, c^i, '^2, d^ in the (2, l)-case, we can now only choose the values for do 
and (i3, which we again take to be multiples of 8. Expressed in the complex basis ( |2.36|) , 
the solution takes the form 

7^03 = {do + id3)uJAo- (2.47) 



(27r)2a 
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For the (0, 3)-flux, we find 

iVfl,x = 4 \Ao\^ = A{dl + dl). 

Here, the smaUest possible A^Aux is 256. There are four possible solutions for A^Aux = 256, 
namely (is = ±8, do = and do = ±8, ds = 0. For ds = 8, do = 0, this results in 

-— -.^-Gs = 8 {iao + ai + a2 + as - /3° + ip^ + ^/3^ + ^/9^). 

(in) {1,2) -flux 

This flux is lASD, and therefore not consistent with the supergravity equations of 
motion. 

Here, we require Aq = Ai = A2 = A^ = Bq = or equivalently J Gs A O = 
/ G3 A O = f Gs A iVBi = / G's A ujb2 = / G's a ujbs = 0. We will refrain from writing 
down the equations for this case, which are just a different combination of the equations 
we have seen before. A solution for U^ = U'^ = U^ = S = i is 

7— --^— -G12 = [do + i{di + d2 + ds)] ao + [di - i{h2 + 6s + do)] ai 

+ (^2 + ih2) OL2 + (rfs + ihz) as + [di + d2 + ds - ido] (3^ '^^"^^^ 

+ (-62 -bs-do- idi) /3^ + (62 - id2)/3^ + (63 - ids) /3^ 

which differs from the (2, l)-case only by signs. Expressed in the complex basis ( p.36|) , the 
solution takes the form 

TTT-T^— 7G'i2 = ^[-62 - &3 + i{d2 + ds)] LOBi + h[b2 + do + i{di + ds)] ujb2 + 

(27r)2a' 2 1 /J 1 21 ^2.49) 

+ l[b3 + do + i{di + ^2)] UJB3- 
For (l,2)-flux, we flnd 



iVflux = -4 {\B'\' + \By + \B-'\') 
3 
= -2 ( ^ rf^ + did2 + dids + d2ds + 62^3 + ^2^0 + b^do + 63 + ^3 )■ 



(2.50) 



1=0 



As remarked before, for lASD-fluxes, A^Aux is negative. The largest possible value for this 
solution is A^Aux = —128, which is achieved whenever we choose one of the bi or di equal 
to ±8 and the others all equal to zero, or whenever we choose two coefficients to have the 
absolute value of 8, but with differring signs, and all other coefficients equal to zero. 
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(iv) (3,0) -flux 

This is an lASD-flux as well, again not consistent with the supergravity equations of 
motion. 

To obtain the (3, 0)-part of the flux, we must set Aq = Ai = A2 = A^ = Bi = B2 = 
S3 = or equivalently require that f G3 AQ = f G3 A ujai = f Gs A UJA2 = f Gs A to as = 
J Gs A ubi = J Gs a ujb2 = J Gs a ujb3 =0. As a solution for U^ = U"^ = U^ = S = i we 
get 

-Gao = (do + id3)aQ + (ds + ido)ai 



(27r)2ct' 

+ (ds + ido)a2 + ids + ido)as - (ds + ido)/3° ^^-^"^^ 

+ (do - id3)l3^ + {do - ids)(3'^ + {do - ids)^^, 

which is the complex conjugate of our solution for the (0, 3)-flux. Expressed in the complex 
basis ( |2.36| ), the solution takes the form 

yCso = {do - id3)uBo- (2.52) 



(27r)2a 



In the case of (3, 0)-flux, 



Ni,^^ = -4\Bo\' = -4{d'o + di). 



Here, the largest possible value for this solution is A^Aux = —256, which we get for the same 
choices of coefficients as in the (0, 3)-case. 

2.4- Examples of type IIB orientifold models with non-vanishing fluxes 

In order to satisfy the supergravity equations of motion, the flux combination ( |2.25| ) 



has to obey the imaginary self-duality condition -k^G = -\-i G [0. This condition ensures 
the existence of a solution for the metric and 4-form. It also has crucial implications 
for the possible supersymmetry breaking scenarios and for the choice of four-dimensional 



space-time. From (|2.30|) we immediately see, that in this case no F-term contributions to 



the scalar potential V are produced, i.e. Vp = Vfiux = 0. Only the D-term contribution 
Vtop ~ Nfiux is non-vanishing. As already mentioned in section 2, this term enters Vd, 
given in ( |2.31|) . 

Note, as discussed in section 2, the quantization conditions for the fluxes force the 
coefficients to be multiples of eight. This implies \Nfiux\ > 64. For ISD-fluxes we have 
Nfiux > 0. According to Eq. ( |2.28| ), consistent solutions, i.e. vanishing Ramond tadpoles, 
may be possible without D3-branes, i.e. N03 = 0. In that case, the 03-planes and/or non- 
trivial internal gauge bundles on the D7-brane world-volume may balance the positive D3 
brane charge introduced by the ISD-fluxes. This corresponds to the initial step, proposed 
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in [13], to fix the dilaton and complex structure moduli only by ISD-fluxes. With that 
amount of flux, i.e. Nfi^x = 128 and the stacks of D7-branes, displayed in Table 2, the 
conditions ( p.28| ) and ( p.l4|) are met with Nds = 0. 



Stack 


Gauge group 


{m\n') 


im\n') 


{m^,n^) 


Na 


1,2,3,4 


SO{8)^ 


(1,0) 


(-1,0) 


- 


Ax4 D7 


5,6,7,8 


30(8)^ 


(1,0) 


- 


(-1,0) 


4x 4 D7 


9,10,11,12 


50(14)4 


- 


(1,0) 


(-1,0) 


4:X7 D7 


13 


[/(12) 


- 


(1,2) 


(1,-2) 


12 D7 



Table 2: D7-hrane conEguration allowing for Nji^x = 128: wrapping numbers m-' , 
internal Bux numbers n-' and amount of supersymmetry preserved. 



The flrst twelve stacks (and their mirrors) of il>7-branes are located at the twelve 07 
planes. Besides, the flrst eight stacks cancel tadpoles from the Cg-form locally. In order 
for the last stack to preserve the supersymmetry condition (|2.17|) , we need to flx the Kahler 
moduli: T^ = T^. An example leading to Nfiux — 128 has been presented in subsection 
2.3(i).0 



As a flnal step, it has been suggested in |T^ to include anti--D3 branes , i.e. Nds < 0. 
This requires additional positive flux contributions in order for Eqs. ( |2.28| ) and ( p.l4| ) 
now to be satisfled. However, in that case, cancellation of i?i?-tadpoles does no longer 
imply the absence of the A^S'A^5'-tadpoles, since anti-L>3-branes contribute to (|2.28| ) with 
a negative sign in contrast to (|2.15|) . Hence, a positive D-term potential remains due 
to the uncancelled A^S'A^S'-tadpoles. In fact, for anti-D3-branes with ISD-fluxes, soft- 
supersymmetry breaking terms are generated and supersymmetry is broken ||2^. This 
may be a favorable scenario (c/. [0), since the soft-supersymmetry breaking terms fix the 
positions of the anti-il>3-branes. 

According to (|2.30|) , only fluxes Gs of lASD-type give rise to an F-term contribution 
Vp to the scalar potential V in D = 4 space-time dimensions. The latter is positive 
semideflnite. On the other hand, Nfiux < for lASD-fluxes and generically, il>3-branes 
are needed to fulflU ( |2.28| ). The supergravity equations of motions are inconsistent for such 
conflgurations [|12|. This fact is related to uncancelled A^5'A^5'-tadpoles and a positive 
scalar potential V. 



Note that N=l supersymmetry is only mutually preserved within the first three stacks of 
Z)7-branes. However, the fourth stack, being itself N=2 supersymmetric, is non-supersymmetric 
w.r.t. the other three. An alternative, completely supersymmetric model with fluxes is provided 
by keeping the first three stacks of Z)7-branes with A'^i = A^2 = A^3 = 16 and Nfiux = 32. Hence, 



for this model fluxes through twisted cycles are needed [14,15| 
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ISD-fluxes do not lead to a potential for the DS-matter fields Cf ||2^,^. Hence in 



that case, those moduli remain undetermined and one has to find other mechanism to 
stabilize them. Contrarily, I AS D-Huxes do no fix the matter fields Cf of anti-DS-branes. 

3. The effective action of toroidal type IIB orbifold/orientifolds with _D3— and 
L>7— branes 

It is well known, that any N=l supergravity action in four space-time dimensions is 
encoded by three functions, namely the Kahler potential K, the superpotential W, and 
the gauge kinetic function / [0. When such an effective action arises from a higher 
dimensional string theory, these three functions usually depend (non-trivially) on moduli 
fields describing the background of the present string model. In string compactifications 
with D-branes, one has to distinguish between closed string moduli from the bulk, and 
open string moduli related to the D-branes. The tree-level effective action describing 
the couplings of open and closed string moduli up to second derivative order has been 
determined for toroidal orbifold/orientifold models with i?3/-D7-branes or L>5/L>9-branes 
and 2-form fiuxes by computing string scattering amplitudes |jl[] . The low-energy action for 
only the closed string bulk moduli has been discussed for type IIB Calabi-Yau orientifolds 
in 0,0. 

There are several types of moduli fields in a type IIB orientifold compactification 
with D-branes. The closed string moduli fields arise from dimensional reduction of the 
bosonic part ((/>, qmn, bMN, C'o, C2, C4) of the N=2 supergravity multiplet in D — 10 after 
imposing the orientifold and orbifold action. In the following, let us concentrate on type 
IIB toroidal orbifolds/orientifolds with D3 and DT-branes. Hence, the spectrum has to 
be invariant under both the orientifold action Q{—1)^'^Iq and the orbifold group F. Before 
applying the orbifold twist F, the untwisted sector constitutes the states invariant under 
0(-l)^^/6: (p, Qij :bij,i, Co, Cfj^i, Cijku Cf^„ij , Cij,„pa. The fields (p = ^10 and Co constitute 
the universal dilaton field ( |2.22D . The field C^^pu gives rise to a tadpole to be cancelled by 



the mechanism described in the previous section. Imposing on all the states encountered 
above the orbifold actionH F gives rise to the closed string untwisted sector. In addition 
there are twisted moduli comprising the twisted RR-tensois. 



The orbifold group F = Z2 x Z2, with the generators given in (|2.2| ), leads to the following 
bosonic fields from the untwisted sector: (/), Co,C^;yptT,C -, C--, and the internal metric g has 



to have the block-diagonal structure g = (^j^iQj, with gj given in Eq. ( p.4j) . The latter gives 



rise to 9 metric moduli, out of which the three complex structure moduli W (|2.5| ) and three 
real Kahler moduli ImT^ (|2.3|) are built. The latter are complexified with the three axions 



a-' = L,2.fe ^2.1 ^kkil ' (i'^'O = (1)2,3). In D = 4, these scalars are dual to the anti-symmetric 
2-tensors J ^ j C ^- and are eliminated as a result of imposing self-duality on the self-dual 4- 
form C4. As already reported in the previous section, the twisted sector contains 48 additional 
complex structure moduli. 
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Let us now come to the open string moduli fields. The massless untwisted moduli 
fields originate from the D = 10 gauge field Am reduced on the various D-branes. The 
orientifold projection O just determines the allowed Chan-Paton gauge degrees of freedom 
at the open string endpoints. For a stack of space-time filling D3-branes, we obtain 6 real 
scalars (/>* , i = 4, . . . , 9 in the adjoint of the gauge group of the respective stack. These 
scalars describe the transversal movement of the DS-branes, i.e. essentially the location of 
the L>3-branes on the six-dimensional compactification manifold. They may be combined 
into the three complex fields Cf = (jp'^^'^ +W<p'^'^~^^ , i = 1, 2, 3. Furthermore, for a stack of 
-DTs-branes, which is wrapped around the 4-cycle T^'^ x T^'^, we obtain the four Wilson 
lines Ai , i = 4,5,6,7 and two transversal coordinates (p^, (p^ in the adjoint representation. 
The latter describe the position of the DT-brane on the 2-torus T'^'^. Again, these six real 
fields may be combined into three complex fields C^ ^ , i = 1, 2, 3. After taking into account 
the other two 4-cycleg3, on which other stacks of I?7-branes may be wrapped, in total, we 
obtain the complex fields C^^ , i,j = 1,2,3. All the open string fields described so far, 
give rise to complex scalars of the untwisted sector with at least N=2 super symmetry. A 
stack of L>3-branes gives rise to an N=4 super Yang-Mills theory on their world-volume, 
provided the stack does not sit at an orbifold singularity. Hence, together with their 
world-volume gauge fields, the scalars Cf are organized in A^ = 4 vector multiplets. The 
supersymmetry on the world-volume of a DT-brane, which is wrapped around a generic 
supersymmetric 4-cycle of a CY-space, is N=2. The scalar C^ ^ describes one (complex) 
scalar of a vector multiplet. However, on the torus T^, the world-volume theory on the D7- 
branes preserves N=4 supersymmetry. This becomes clear because one obtains in addition 
the scalars C^^ , i y^ j, which represent four real N=2 hypermultiplet scalars. Hence 
together with the N=2 vectormultiplet, the latter constitute one N=4 vectormultiplet. 

However, N=2 and chiral N=l fields come from the twisted sector. The twisted 
matter fields C^'^°- originate from open strings stretched between the D3 and DT-branes 
from the a-th stack. Without 2-form fiuxes on the internal coordinates of the L>7-brane 
these strings have DA^-boundary conditions w.r.t. to those four coordinates. With non- 
vanishing 2-form fiuxes on the DT-brane world-volume, the L)A^-boundary conditions 
become mixed boundary conditions, with one open string end respecting the fiuxes on 
the D7-branes. Generically, these fields respect N=2 supersymmetry. However, there are 
twisted N=l matter fields 0'^°-'^^ arising from open strings stretched between two different 
stacks a and h of DT-branes. 

Let us now move on to the low-energy effective action describing the dynamics of the 
various moduli fields encountered above. The encountered complex scalars S, T^ , U^ give 
rise to the closed string moduli space. Since these fields live in the bulk, they constitute 



We assume the 4-cycle to be a direct product of two 2-tori. At any rate, since ^(i,i) 
^^(2,2) = 3j these are the only 4-cycles in the orbifold under consideration. 
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the bulk-moduli space. The latter is a Kahler manifold, with the corresponding Kahler 
potential K given by [p9|: 



tilk = - ln{S -S)-J2 HT' -T)-J2 HU' - U"). (3.1) 

The untwisted open string moduli describe either the displacement transverse to the D 
brane world-volume or the breaking of the gauge group by Wilson lines. It is justified to 
expand the (full) Kahler potential K and superpotential W around this minimum Ci = 0. 
In the case, that we have one stack of space-time filling DS-branes and several stacks of 
D7-branes wrapped around different 4-cycles (and being transverse to one torus T^'-'), the 
Kahler potential takes the following expansion (for large Kahler moduli, which corresponds 
to the supergravity approximation under consideration): 

3 

K{M, M, C, C) = K{M, M) + J2 G'c^c' (^' ^) '^^ ^^ 

3 3 

+ E E E ^cj^-ci-^ (^' ^) cj-'c]-' 

a j = l i=l ' ' (3.2) 

a 

Here, M collectively accounts for the closed string moduli fields S, T*, t/*, and C for the 
open string moduli, i.e. matter fields. The index a denotes a particular stack of -D7-branes, 
which has a fixed transverse torus T'^'K Furthermore, the holomorphic superpotential W 
takes the form: 

3 

W{M, C) = W{M) + ClClCl + J] J] Cj-^'^'CJ-'^'CJ-^'^' 

" ^=1 (3.3) 

+ E YiJKiU') CiCjCk + 0{C^) . 

I,J,K 

Here, the Cj collectively account for all other combinations of matter fields, in particular 
the twisted matter fields C"^^", C^"^*. The Yukawa couplings Yij^iU'^), depending only 
on the complex structure moduli t/*, have been determined in Ref. [^. In vacua without 
fluxes, we have W{M) = as a result of the flatness of the closed string moduli. The 
closed string superpotential W{M), which is induced by the 3-form flux has been already 
presented in Eq. ( p.32|) . Obviously, it is only non-vanishing for (0, 3)-flux. 
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3.1. Matter field metrics of untwisted open strings 

The metrics 6*^37=73 and G^j ,--r. for the untwisted matter fields Cf and C- ^ (of a 

Ov'G G. C . ' I \ 

^ J z z 

particular L>7-brane stack a) may be obtained from the following differential equation [|l[] : 

d,mT. G^^^^ = ^±^ (1 - 2n G^^^^ . (3.4) 

The latter is derived from a string scattering amplitude of two matter fields Ci , Ck and the 
closed string modulus T^ . There is no coupling between matter fields referring to different 
planes, i.e. G^j-^ = , z 7^ j as a result of internal charge conservation [|l|. This fact 
justifies our ansatz for the expansion of Kahler potential (|3.2D ex post facto. The "matrix" 
D depends on whether Dirichlet or Neumann boundary conditions are imposed on the 
open string fields attached to the D-hiaive. In other words, the matrix specifies, which of 
the matter fields C'^, C^ '"' we are considering in the scattering process. For untwisted Dl- 
brane matter fields C^ '■' , the matrix D also encodes the wrapping and fiux properties of 
the Z)7-brane. The L)3-brane case is particularly simple. In that case, all six internal open 
string coordinates respect Dirichlet boundary conditions, i.e. D* = —1, and the differential 
equation ( ^.4] ) yields: 



G^.^sr^a'-'/'^-^^ -^ 



I 1 



(T* - r') 



Expressed in the field-theory moduli (|2.6|) and (p.7| ), we obtain: 



(z,A;,0 = (1,2,3). (3.5) 



Gc^c' = ^ =^ ' ^ = 1'2,3. (3.6) 

The extra t/-dependence comes from considering a four-point scattering amplitude [|l|]. 
Let us now move on to the untwisted DT-matter fields C^'"'. For concreteness, let us 

7 S 

consider the fields C^ ' , i.e. we shall discuss the case of a L>7-brane, which is transversal 
to the third torus T'^'^. In this specific case, we find: 

. ImT^ - if^ 

D = — 

ImTi + z/i ' 

^2 ^ ImT^ - if (3.7) 

ImT^ + if 

D^ = -1 . 
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After substituting this and integrating the differential equation, we obtain the foUowing 
metrics: 



^^7,3^7,3 ~ e 



O2 O2 



(j^7,37=77,3 ~ e 
^3 ^3 



T^-T^ 



|ImT2 + z/2| 



T^-T 



1 



r^-T^ 



-1 I „•/! 



ImT'+i/M ImT^ + z/" 



W3_i^2 \J (ri-T')(r2-T') 
Expressed through the moduh in the field theory basis, the metric reads 



G^r 



-Ka 



37=77,3 



'-'2 <-^2 ^7-r2 T^^^ /^l ^^^ ll _l,-/2| 



(t/2-[/^) {T^-T ) |l + ^/^ 



^ _ ^ ^4 

C3 C3 ^^3 _ ^6^ ^g _ g^ 



1 -f2| 



— I1-/7 



^CiCfc - 0' ^ 7^ ^ 



(3.8) 



(3.9) 



where /* = j^^^ is the physical 2-form flux. The other cases G^rj-r^rj with j = 1,2 are 
obtained from the above results by permuting fields. After putting our results together, 
the Kahler potential (^3) for the untwisted closed string sector becomes up to second 
order in the open string matter fields 



K/ 



K{M, M, C,C) = - \n{S -S)-J2 H^" - T') - ^ ln{U' - U 

i=l i=l 

" 1/^312 



+E 



-{ {T'-T){U'~U) 



+ 5Z5Z^^^' 



C. 



7a,i\2 



a i=l 



3 3 



a j=l i=l 



\G 



7a,J|2 



^rpk _ rj.k^ ^JJZ _ U' 



{S-S){U'-U' 



1 + ip 



k fl 



i-rf 



(3.10) 

Here, we have introduced the tensor dijk which is 1 for {i,j,k) a permutation of (1,2,3) 
and otherwise. There is one comment in order. As already anticipated, the il>3-brane 
moduli C^ , j = 1,2,3 describe scalars of an N=4 vector multiplet and the L>7-brane 
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moduli C- '* are N=2 vectormultitplet scalars. The N=4 vector multiplet of the DS-brane 
may be split into one N=2 hypermultiplet in the adjoint and one N=2 vectormultiplet. 
The latter describes the relative position of the DS-brane to that of the DT-brane in the 
space transversal to the D7-brane. Hence, for a given internal index i the fields C- '* and 
Cf represent N=2 vectormultiplet scalars and we expect their metrics to be deducible from 
a common N=2 prepotential JF. Indeed, for the case of vanishing 2-form fluxes, from the 



N=2 trilinear prepotential J-' of special geometry [^ 



T{S,T\U\CtCl-'") =S [T^t/^ + ^(Cf)2] + |^r(C^'*)2 . (3.11) 



we derive the untwisted sector Kahler potential 



-In 



irr^is 1/^ T^^ , ^■i ^^3,0 1 V^/^,- T^i^y^V^ i ^^7a,*^ 



{S - S){T - t\W - U') + -{S - S){Cf - Cy + - J2iT' - T\c'r' - C 



2' '^ ' "2 

(3.12)' 
describing to the order of CC a part of the second line of ( |3.1UD (in the case without 2-form 



fluxes). In addition, from Eq. ( |3.12|) there follows an if -term 

H^^ :^ — (3.13) 

{U'-U){T'-T) 

for the Z)3-brane moduli Cf . For the L>7-brane scalars Cj '* the following Ha-teiva is 
generated: 

Hu = ^ -. (3.14) 

{U'-U){S-S) 

However, in the more general case of non-vanishing 2-form fluxes and several stacks of -D7- 
branes wrapping different 4-cycles, the Kahler potential has to be given in the form ( |3.10|) . 
There is no obvious disentangling of moduli field according to the N=2 supersymmetry on 
a given iD7-brane. Hence in that general case we do not encounter i7-terms, i.e. Ha = 0. 

3.2. Matter field metrics for 1/4 BPS brane configurations 

Let us now come to the Kahler metrics of the twisted sector matter fields C'^°-''^ . 
These fields arise from massless open strings stretched between two different stacks a, h of 
-D7-branes of Z)7-branes. These bosonic fields, arising from the open string A^S'-sector, 
build chiral multiplets, with their fermionic partners arising from the twisted i?-ground 
state. Generically, the open strings respect only N=l supersymmetry due to the different 
2-form fiux distributions on the L>7-branes. In the dual type II A picture, these open 
strings are stretched between two intersecting DG-branes, with angles 6'^f, , j = 1, 2, 3. 
The matter field metrics for scalar matter fields arising from those open strings has been 
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calculated in Ref. |jl|]. Essentially, we have to translate these results into the type IIB 
picture with non-vanishing 2-form fluxes. For concreteness, let us consider the case of 
an open string "stretched" between two Z)9-branes D9a and D9b with the 2-form fluxes 
fi^ ft, 5 J — 1,2,3 on their internal world-volume. In that case the matter fleld metric 
takes the following form: 



Gc^.^.cf^^^ = ^4-' tliU' - U')-''^" \ J}^"'], , , Oi, ^ 0, 1 . (3.15) 

i=i V 1 (1 - %bJ 



Here the angle ^^^, reminiscent from the type II A description, encodes the two flux com- 
ponents on the different stacks a and b of L>9-branes: 



0^ - ^ 



arctan I - — ,^ ., 1 — arctan ' " 



Im(TJ) / \lm{T- 



(3.16) 



Generically, for two stacks of L>7-branes a and b, which wrap different 4-cycles and whose 
2-form fluxes fulflU ( p.l7|) , there is always a non-vanishing relative "flux" ^^^ in each plane, 
i.e. Q-'^ij 7^ 0, 1. In other words, these stacks are N=l super symmetric. Hence, in that case 
Eq. ( |3.15D directly applies and we obtain 



" / n€i 



Gc'-.c-.- = <' WU' -U')-".> VFoT^ ■ <'■"' 



with 6*^^ given in (^ 



However, if ^^, = 0, 1 for one complex plane j, the two stacks a and b preserve 



N=2 supersymmetry and ( |3.15| ) does not directly apply to these cases. This case will be 



discussed in the next subsection. 

3.3. Matter field metrics for 1/2 BPS brane configurations 

In this subsection, we shall derive the metrics for matter flelds arising from open strings 
stretched between two branes a and 6, which preserve N=2 space-time supersymmetry. 
This case has not been discussed in |jl[] and a direct application of the formula (|3.15| ) , valid 
for the N=l case, is not obviousll^. Generically, these cases arise, if both branes a and b 
have vanishing fluxes f^ = in one and the same internal complex plane j. In the dual type 
II A picture, this corresponds to the relative angle 6*^^ = 0, 1 in that plane. In particular. 



Note, that a similar problem arises in the case of one-loop gauge threshold corrections [42|. 
There, the one-loop correction arising from open string N=l sectors is not directly related to the 
contribution stemming from the N=2 sectors. 
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this is true for the metrics G„^^^Y;37a . In addition, two DT-branes D7a and Dli, without 
internal 2-forni fluxes, one transversal to the torus T^'" and the other transversal to the 
torus T2'^ are 1/2 BPS. 

In the following, we shall assume for concreteness, that both branes have their van- 
ishing 2-form fluxes in the third complex plane, i.e. f^ = = f^- The two open string 
coordinates referring to this plane obey either pure Dirichlet or Neumann boundary con- 
ditions at both string ends. W.r.t. the other two planes, the branes a and b may carry the 
2-form fluxes fl,fl , j = 1, 2 on their internal world-volume. The latter are assumed to 
fulfill the supersymmetry condition ( |2.17|) : 



J X J X 



im(r2) im(ri; 



x = a,h. (3.18) 



In the dual type II A picture, the branes a and h describe two intersecting D6-branes. 
Their relative angles 6*^^ = O^ — 6^^ (with tan(7r^^) = j {^^ -. , x = a,h) are given by 
( p.l6|) , for j = 1,2. Furthermore, 6^^^ = 0. In order, for the two branes to preserve N=2 
supersymmetry, these relative angles have to fulfill: 

^^, + ^2^ = modi. (3.19) 

Massless open strings stretched between brane a and h give rise to N=2 matter fields 
from the twisted sector. In the (— l)-ghost picture, their vertex operator is given by [^ 



Vt^^\z,k) = A e-'^(^) n^^^(^) '^-^^(^) e^'"'''^'^ • (3-20) 

The bosonic twist fields a_Qi have conformal dimension ^6^(1 — 6^) and the spin fields have 
dimension ^{1 — 9^)^. With this information and after imposing (|3.19|) , it is straightforward 
to check, that the operator (|3.20| ) has conformal dimension one. To derive the moduli 
dependence of the matter field metric G ^^-^ab, we proceed similarly as in [Q, i.e. we 
calculate the three-point amplitudes {Vq^ V^ ^w i ^^'^ ^^^ four-point amplitudes 
(y^;^^Vl"^V^°'°Vl°'°^) in the dual type II A picture, i.e. Ce ~ C"^ For the case j = 3, 

the internal part of the modulus vertex V^^' decouples from the twist fields. Essentially, 
the amplitude (V^^. V-^ ^w ' leads to the same contractions as in the case of two 
matter fields and one dilaton field, given in |[^]. To this end, we find the differential 
equation (already translated into the type I IB picture): 

driG^^.-^ab = — — ^ . (3.21) 
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The two signs depend on whether Neumann or Dirichlet boundary conditions are imposed 
on the open string coordinates from the third plane, respectively. Hence (|3.21|) gives rise 
to the following T'^-dependence: 

G^..c-~(^'-^')^* ■ (3.22) 

On the other hand, for j = 1,2, the amplitude {Vq V^ ^w i yields the same differ- 
ential equation as found in [|l| for each plane separately. Hence the total dependence on 
the Kahler moduli becomes 



with the angles given in Eq. ( ^.161 ) . To determine the complex structure dependence of the 
metric G ^^-^ab, we calculate the amplitude {V^^ V-^ V!^i V—^ ) in the dual type II A 
picture. Clearly, the amplitude is vanishing for i ^ j due to internal charge conservation. 
Furthermore, for i = 1, 2, i.e. the T*-moduli are from those two planes, for which ^^j, ^ 0, 
our calculation boils down to the case discussed in [^] and yields 



Ce '^' T" ' u 



(y^-^V-^-'V^'^'"Vi'^'"0~- + «^* + --- , ^ = 1,2, (3.24) 



with the three kinematic invariants s, t and u. The dots stand for higher orders in the 
space-time momentum, which are not relevant to us. On the other hand, for i = 3, we 
find: 



, ,)^,)^,0)^,0), St 



(^i« v^-^v^rvir V - + • • • , ^ = 3. (3.25) 



To the order in the momentum, which is displayed on the r.h.s. of both equations (|3.24| ) and 
( p.25|) , both sides have to reproduce the a-model result G ^^-^ab G^^^i^ +s R ^^-^ab —i. 
This information allows us to completely fix the T*-dependence of the matter metric 
G„„^-^ab in the T-dual type II A picture. 

Finally, after putting all results together, we obtain the metric of massless matter 
fields originating from a 1/2 BPS system of branes in type IIB : 
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From this expression, we can deduce various special casestil, which are not captured 
by the formula ( p.l5|) . The latter is valid for 1/4 BPS systems. For a space-time filling 
D3-brane and a DT-brane, transversal to the third torus, we getcJ: 



G^3.3r-3 = 2^2 ^-1/2 «-l/2 ,-</>4 (r3 -r)-V 



\ (3-29) 

K. 1 



(Ti - T^yniT'^ - T^)i/2 (t/i _ t/V/^ (t/2 - f/^)V2 



In the case, that on the internal DT-brane world volume non-trivial 2-from fiuxes / , / 



1 f2 



Although not relevant to us in this article, for completeness, let us also discuss the special 
cases arising in type II B orientifolds with D9- and D5-branes. First, we consider a Z)5-brane, 
wrapped around the third torus T'^'-' and a iD9-brane wrapped around the full six-torus T^ . This 
system, which is 1/2 BPS, preserves N=2 space-time supersymmetry. W.r.t. the third torus, open 
strings have Neumann boundary conditions. On the other hand, in the dual type II A picture, the 
two branes intersect at the angles 7r/2 within the other two internal planes, i.e. 0;^^ = | , j = 1, 2. 
After recalling the relation between the moduli fields T-* in the string basis vs. field-theory basis, 

namely Im(5) = (27r)- V'-^/^e-^* ^T^^T^and Im(r^) = {2ix)-^a'^/^e-^^ J^ , {j,k,l) = 



[1, 2, 3) for type IIB orientifolds with iD9 and D5-branes, we obtain (with k^ = ^ ^^i )'■ 

r „, - 0-1/2 .-3/2 '-3/2 -04 ,^3 ^3^/2 '^ 

tj^r-953 7=;053 —I I a e {1 — 1 ) ^^j ^^ 

\ (3.27) 



(Ti - r^)i/2(T2 - T^)i/2 (^yi _ [7^)1/2 ([/2 _ u^y/2 ' 

Furthermore, for two D5-branes, with one wrapping the torus T^'^ and the other one wrapping 
the torus T"^'"^ we have pure Dirichlet boundary conditions w.r.t the open string coordinates from 
the third plane. Again, in the dual type II A picture, the two branes intersect at the angles 7r/2 



within the other two internal planes, i.e. 0;^^ = | , j = 1,2. Hence, from Eq. ( 3.26 ) we deduce: 



G^5,5,^5,5, = 2''^ ^-'l' ol-'l' e-*^ [T^ -T^' ^^ ^ 

^ ^ {u^-uy^ {w-uy/ 



2 



(3.28) 
n. 1 



(5 - 5)1/2(^3 - r^)l/2 (C/l _ ^7^)1/2 ([72 _ f/2^1/2 



We use the translation rules ( |2.6| ) to go from the string-basis to the field-theory basis. 
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satisfying ( |3.18| ) are turned on, we obtain from Eq. ( p.26|) : 



rr^.r, Tr^^-B^ nO^ 



G^ar -7^373 = —^ — — —^ — - TT(t/-^ - t/ ) ^ \ hrr^ ^ 

^ ^ (7^1 _ 7^] 1/2 (-2^2 _ 2^^-) 1/2 ^J^ vT{l — 0^ 



(3.30) 



A^^^ 1 



(Ti - T^y/^{T^ - T^) 1/2 (t/i - t/V' (f/2 - u^y^ 



The last equation follows from the N=2 supersymmetry condition (|3.19| ), i.e. 9\^^ = 1 — 
6'^^J mod 1. Finally, the special case of two DT-branes D7i and -D72 without internal 2-form 
fluxes, one transversal to the torus T^'^ and the other transversal to the torus T'^''^, are 
1/2 BPS. This corresponds to the case 6*^^, = 1/2 , j = 1, 2 and 6^^^ = 0, already discussed 
in Eq. ( |3.28| ) for a system of two D5-hran.es. The metric of the corresponding open string 
matter field becomes: 



^ ^ (Wl-WV/2 (W2-W )V2 



(5 - 5)1/2(T3 - T^)l/2 (t/1 _ t/Y/2 (t/2 - t/^)l/2 ■ 

(3.31) 

To conclude, in this subsection we have derived the metric for massless matter fields 

originating from open strings stretched between a space-time filling D3-brane and a D7- 

brane, transversal to the first torus T^'^ with the 2-form fiuxes f'^,f^ on its internal 

world-volume: 

K"2 1 

C iC ^^2_^2^i ^^3_^3^i ^^2 _ [7^)02 ^f/3 _ ^^)e3 

for the matter field metric referring to an open string stretched between a D3-brane and 
a DT-brane. The latter is located transversal to the first complex plane and carries the 
2-form fiuxes f^,f^ on its (internal) world-volume. The fiuxes, which fulfill ( |2.17|) , are 
encoded in the angles 9^: 

3.4. Gauge kinetic function 

Finally, the holomorphic gauge kinetic function, which encodes the gauge coupling of 
a D7-brane, wrapped around the 4-cycle T^'^ x T'^'^ [with wrapping numbers m^ ^w} and 
the supersymmetric 2-form fiuxes f^^f^ {cf. condition ( |2.17] ))] is: 



fnrAS.T^) = Im^'m'l {T^ - a'-^ f'' fS) , {j.kj) = (1,2,3) . (3.34) 
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Furthermore, the gauge sector of a space-time fiUing D3 hrane is encoded in the holomor- 
phic function: 

fD3{S) = S. (3.35) 

Note, that the gauge couphngs of the D3-brane and the various L>7-branes are derived 
from the common holomorphic N=2 prepotential 

J'{S,T\U\Cf,C'r') = S [Y^rW + -{Cf 



^3^2l 



+ ^E E iT^-c^'-'f'fs){c]-^r 



(3.36) 



2^ 



= (1,2,3) 

as second derivative w.r.t. to the N=2 untwisted moduh fields C^, C-"'"' describing vec- 



tor multiplet scalars, i.e. g^-j^j = Im "^^^^^ and (/"^ = Im g^^ap . This represents a 

generaUzation of the expression ( ^.llj ) including all three complex planes i = 1,2,3. This 
indicates, that the gauge couplings still obey N=2 supersymmetry, even though the whole 
I^3/-D7-brane configuration is only N=l supersymmetric. In particular, even in the case 
of vanishing 2-form fluxes, the kinetic energy terms of the various bulk and brane moduli 
fields presented before, cannot be derived from ( |3.36|) . 

4. The effective action with 3-forni fluxes turned on 

4.1. Superpotential, F -terms and scalar potential 

We now want to obtain the low energy action with fiuxes turned on. First, we will 
look at those quantities that can be derived in the bulk. The F-terms can be calculated 
from the Kahler potential ( |3.1[ ) and the superpotential (|2.32[ ), they only feel the bulk: 

F^ = e"'^/2 K^^ {djW + hIW djk) , (4.1) 

where the /, J are taken to run over the dilaton S, the complex structure moduli f/* and 
the Kahler moduli T*. With this, we can now calculate the scalar potential: 

V = k j-j F^F"^ - 2 e'^^^^ kI \W\'^ . (4.2) 

With what we learned in section 2, it is now easy to write down the superpotential explicitly 
for our case of T"^ xT^ xT^: 

^W = (a" - Sc^)U^U''U^ - {{a^ - Sc^)U^U'' + {a" - S^)U^U'' + (a^ - Se')U^U^} 
A 

3 

i=l 

(4.3) 
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The explicit expressions for the F-terms are the foUowing: 









F^Y (s -^Y/\T' -tY\t^ -t'Y/\t'' -TY'^^lliu' -uy^/^4w 

i=l 

3 

3 



/=1 
^ ^4 /^_N9 / GsAujAi , ij^jj^k, e.g. : 



.2 



■(27r)2a 



X 
Z=l 
l7-r2rr3 w„l c„1\tt2tt3 , / 2 c„2NT7l7-r3 , / 3 c>„3\77lrr2i 



[{bi - Sdip' + (62 - Sd2)U^ + (63 - SdsW] - {bo - Sdo)} . 



(4.4) 

By looking at the F-terms, we see immediately that we only have a non-zero F^ if Gs has 
a (3, 0)-component. For F^ to be non-zero, G3 has to have a non-zero (0, 3)-component. 
For the F^' to be non-zero, Gs must have a (1, 2) -component. 



Now we are able to compute the expression for the scalar potential (|4.2| ). The part 
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coming from the T- moduli cancels with ~3e^'^'>'Kl\W\'^, so we are left with 
_ 3 



1=1 

I 2 ,^2 



X'ni 



(\S - S\ll\T -T'lfllU' -U'\] (l /GgAOp + ^l [gsAua^ 

\ i=l i=l / V "^ i=l 



|2 



(27r)4a'2 

We can see immediately that V is zero unless G3 has a (3, 0)- or a (1, 2)-part, i.e. is lASD. 
We also see immediately, that for lASD-fluxes, V is strictly positive. When we express 
this through the complex coefficients, this formula looks even nicer: 

V = X\l ^^^ J2 \B'f. (4.6) 

|^-:S| n \T^-T'\ i=o 
1=1 

This ties in neatly with our observation from section 2: Let us examine eq. ( |2.29| ) : 
Expressed with our complex coefficients, we find 

„ 333 

GsA^eGs oc 2 5^|Sf + (5^|Af -J^lSf), (4.7) 

■^ i=0 1=0 i=0 

where the second term is obviously proportional to A^Aux? whereas the first part corresponds 
to ^flux, which is the contribution to the scalar potential coming from the F-terms, which 
is exactly, what we have calculated above. 
The gravitino mass is given by 



i=l i=l 

X {(a" - Sc^)U^U^U^ - [(a^ - Sc^) U^U^ + (a^ - Sc^) U^U^ + (a^ - Sc^) U^U^] 

3 
-J2ib,-Sd,)U'-{bo-Sdo)}. 

i=l 

(4.8) 

4.2. Soft SUSY breaking terms 

The effective low energy supergravity potential in the standard limit with Mp\ -^ 00 
with m3/2 fixed is for A^ = 1 supersymmetry |1T8| , |T9| : 

yeff ^ 1^2 ^ ^ccr |a,^(eff)|2 + ^2_^^^^ ^^^^ ^ ^A^JkCjCjCk + h.c. , (4.9) 
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with 

1 9 - (4.10) 

W^^^) = \e-l^/^YuKCrCjCK. 

The Ci are taken to run over the Cf , Cj "'"', C"^^'", C^"^^, where i = 1, 2, 3, a and 6 run over 
the stacks of branes, and j runs over the torus not being wrapped. Furthermore, gi is the 
gauge couphng, which is related to the gauge kinetic function fi{M) by gj'^ = Im(//(M)). 
The respective gauge kinetic functions are given in (|3.34[) , (|3.35| ). 



The diagonal structure of our metrics already results in some simplifications, for ex- 
ample the purely diagonal structure of the scalar mass matrix. The fact that we have 
Hij = results in even more drastic simplifications: In our case, no S-term BjjCiCj 
appears in the effective scalar potential, and also no /U-term \iiijCiCj is generated in 

The soft supersymmetry breaking terms are 



Auk = FPDp (e'^'^/^y,^^). 



(4.11) 



where the Greek indices are running over 5", T*, C/* and 



'""^^ dCidCidMpdM^ dCidMpdCK dCidM^dCK ' 

-e-'^/-G^'^'d,G^^^^Yj^,,. 

The gaugino mass is 

m,, = F^c>plog(Im/,), (4.13) 

fi{M) being the gauge kinetic function. 
Explicit calculation of the terms: 
We first look at VT^^^). We find 



-. 3 3 

^(eff) ^ ^^s -S)l[{T -T)l[{U' -U')]-'/^ YjjK CjCjCk. (4.14) 



i=l i=l 



From eq. (|3.3|), we know that Yuk = ^ijk in the case of the untwisted matter fields 

Cf,Cj''^ and the combination ^^ C^a.i^a, 2(77,, aVa, 3(77,, 37,,i_ 
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Before we can calculate the expressions for the scalar masses m^j ^^^^ , we must first 
find the explicit expressions for the curvature tensor. This is done in Appendix B. We get 



(mf )2 = kI (|m3/2p + kIV) G^,^s - \F 



C/'|2d3 



Rt 



(rnVy = f,l 



^m'r.f = Kl 






-iT'p d3 



'-pi'J' 



(1^3/21^ + <V) G^^,^. - J2 F'^r'R'^. 

M,N 



•CI- CI 



MNii 



{\m,/2? + ^,V) G^ar.c-^ - E ^""P K'n 



M,N 



(4.15) 



[m 



7a7b\2 



Ka 



\m^/2? + ^IV) G 7 



(77a7i,(7' 



/ J MN 



M,N 



where M, N run over 5', T*, U"^. The trilinear coupling is 



AijK = illiM-M) 



M 



7<YijK / GsAn + SYijK / GsAO 



(27r)V 

+ E / ^3 A CU^, [YijK - {U' - TT) du^YijK] 



(4.16) 



M 



The term — ^^ f G3 A uJAi {U'^ ~ U )difiYijK appears, because general Yjjk may depend 
on the complex structure moduli. 

Note the case where the /, J, K refer to the 3-brane matter fields Cf: Then the last 
term cancels the terms 3 / G3 A O and ^^ J Gs A uJAi , and we are left with 



AijK ^ieijK \{{M - M)-i-^^ /"g'3 A O, 

i.e. we only get a trilinear coupling from the (3, 0)-fiux, which agrees with the results of 
|j2^,^. This is not true for the other matter fields, as their metrics have a more complicated 
dependence on the moduli. 

The gauge couplings have been given in Eq. ( |3.34| ) and ( |3.35| ). Through them, we 
obtain the gaugino masses: 



m 



a,D7j 



rrigns = F'- 



{Tj -T')-a'-'^fkf\S-S) 



+ F' 



1 



1 



(S-S) 



— z 



JJ(M-M)-^ 



/2 -^^4 



M 



(27r)2a 



{Tj _T')-a'-^f^f\S-S) 
GsAQ, 



(4.17) 
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with k ^ I ^ j, j being the torus not wrapped by the 7-brane. 

We shall now examine the soft terms for the different flux components turned on 
separately. When examining the effective potential, we find that the D-term and VF^*^^-* 
do not depend on the 3-form fluxes. 

(^){2,l)-flux 

The (2, l)-flux fulfills the ISD condition •e G'3 = iGs w.r.t. the Hodge operation 
in the internal (compact) six-dimensional compact ificat ion manifold Xq. For this fiux 
component, the superpotential, the scalar potential in the bulk and all the F-terms are 
zero, as well as the gravitino mass 7713/2, the soft terms and the gaugino mass nig. This is 
no surprise as we know the (2, l)-component to preserve supersymmetry. 

(ii) (0,3) -flux 

The (0, 3) -fiux is imaginary self-dual as well. It is the only fiux component with 
W ^ 0. This leads to non-zero F^" and non-zero gravitino mass 7113/2 — e'^4 ^/2/^2 -^ 
The scalar potential in the bulk vanishes, therefore 






Tfe — T 



kd 



fe^r' _37 



(m'-^^f = nl |7B3/2|'G^3r.c-^ " E ^^ ^ ^ 



k,l 



k,i 




(4.18) 



The scalar mass term for the 3-brane deserves our special attention. After inspection of 

(7b3?)2 = 0. 



our findings of appendix B, we find that |F^ pi?"^ ,_i _ = 1 77x3/2 pG'„3^3, therefore 



The same would be true for the scalars on the 7-branes without 2-form fiuxes. Turning 
on 2-form fiux destroys the simple structure of the curvature tensors and thus generates 
scalar mass terms. 

The trilinear coupling becomes 

.2 



AijK = 3iYijKl[{M-M)-^-^^ [GsAQ 



M 

3 

• TT/ , , TT-Fn-I /9 ■< 

I 



(4.19) 



M i=l 
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For /, J, K referring to Cf, the trilinear coupling is zero. The gaugino masses are 

mg D7,j = zTi zr ■ 

(TO ^T')-a''^fkf\S-S) 

To have an exphcit example, we will substitute our solution for the (0, 3)-flux (|2.46| ) for 
U^ = U'^ = U^ = S = i into the above formulas. The superpotential is W = 8X{d3 — ido). 
The F-terms become 

F'^' = -2A 4 {d3+ido){r ~Ty/\T^ ~T')-^/\t'' -t'')-'/^, i^j^k. 

The gravitino mass is 

\m,/,\' = A\'K\\[\T^-r\-\dl + dl). 

i 

The gaugino masses are 

mg,D7,j = -2A kI {ds + idoP ^ ^—— ^ ^ ^ . 

{TO -T')-2ia'^fkf 

(in) {1,2) -flux 

Here, only F^ ^ 0. The gravitino mass 7713/2 vanishes again and rUg = 0. For the 
remaining terms, we find 






ki 



u^u\% 



^ ' * ^ ^ c^^<^c A^ u>'U^ (4.20) 



K4 [KlFG^^^^.^TaTb -^^F^ F ^^l^l 

k,l 

AijK = ill{M-M)-'j^^ Yl [GsAuJaAYijk - {U' -u')du^YijK) 
- z 1[{M - M)-'/' E F^'a'^'^^du.G^^^-^Yj^^j, 

M i=l 
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which is again zero for the case of /, J, K referring to Cf . We will now substitute our 
solution ( |2.48| ) as an example. Here, we have 

— — ^- / G3 A UAi = -4 (^2 + ^3 + ib2 + ibs), 
(2Txya' J 

j—r^^ G3AujA2=^{-di-d3 + ib2 + ido), (4.21) 

.„ ^o ■ GsA UJA3 = 4 {-di -d2 + ibs + ido). 

(ZTTj^a J 

For the F-terms, we get the following expressions: 

F^" = 2i\kI \{{T - ry i/2(-d2 - ^3 + ib2 + i^s), 

pu' = -2i\Kl JJ(T^ - tV i/2(cii + d2 + ib2 + ido), (4.22) 

F^' = -2iXKl Y[{T - T')-^/\di + d2 + ib3 + ido). 

So together with what we learned from eq. ( [4.6|) , V is 

i 

(iv) {3,0) -flux 

In this case, the only non- vanishing F-term is F^ , this corresponds to the "dilaton 
domination" SUSY breaking. The scalar potential in the bulk is 



K, 



-2 



5|2 



V = ^^^^\F 

{S-S)^^ ■ 

The gravitino mass 1713/2 is zero, 

irr^f)^ = 4[^G^j.cf:'^-\F^^B^^, 

(m J - K4 [K4\/G^7^7,^7a7b - li' I ii;^^ J, 

,2 



-'■-'■ 27r^a' / 

n(M - M)-y'F'^G'^'^'dsGc^^-^Yjj,-^j, 

M 



(4.23) 



M 
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We will now substitute our solution (|2.51|) as an example. Here, we have ,2^)2^1 J GsAfl 
8{d3 — ido). With this, F^ becomes 

F^ = 4iXkI {ds + ido) \{{T' - r)-i/2. 

i 

So V is 

V = A\^Kl{dl + dl)\{\T-T\-\ 

i 

and finally, 

,z?7, =4zA«l {d:, + ido)X[{T'-T)-^'^ 

i 

j,D3 = 2XkI {ds + ido) 1[{T' - ry 1/2. 



'^g, 



a'^f'f 



(TJ-T')-2za'^f'^f ^424) 



rng, 



5. F— theory description 

The description so far is valid as long as we are in the regime of small string coupling 
constant gs ~ e^/'^'^'^° and string tension a' ~ M~^^^ (or large radius limit). As we have 
seen, fiux-quantization usually fixes the dilaton at finite values (/^ ~ 1. Let us emphasize, 
that in the orientifold construction introduced in section 2, the localized tadpoles of both 
the 03- and 07-planes are cancelled in a non-local way. This quite generically produces 
a non-constant dilaton. This means, that the supergravity equations of motion lead to 
a dependence of the dilaton r over the internal compact manifold. The natural setup 
to describe compact ificat ions with a dilaton varying over the compactification manifold 
is F-theory compacified on elliptically fibered fourfolds. In this section, we shall lift our 
type IIB orientfold construction to F-theory. This allows a more thorough discussion 
of the supersymmetry breaking effects discussed before. Moreover, it provides the non- 
perturbative formulation of the type IIB orientfold constructions with background fluxes. 

We shall discuss F-theory compactified on a fourfold Xg [^Q. The latter is an 
elliptic fibration over a threefold base Xg, to be specified later. This compactification gives 
rise to N=l supersymmetry in F> = 4 and the low-energy properties are determined by the 
fourfold, the D3 and F>7-brane configurations. The complex structure modulus of the 
fiber, being a non-trivial function on the base coordinates, represents the complex coupling 
constant. The fiuxes G3 G H^{Xq, Z) of the type IIB superstring become elements of the 
integer cohomology G4 G H^{Xs-, Z) of the manifold Xg. In F-theory compactified on the 
fourfold X^ with background fiuxes G4, the tadpole condition ( |2.28|) becomes [p5| : 



1 , , 1 '• 



^DS = ^x{Xs)-^ G,AG,-J2 FAF. (5.1) 



24 '"' ' 8n- ,x — jr 

^8 a=l ^a;4 
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We have Ndi DT-branes wrapped around 4-cycles of the base manifold Xq. The last 
term accounts for the total number of instantons inside the 1^7-branes, which arise from 
background gauge bundles on the compact part of the L>7-brane world-volume. The latter 
break the gauge group down from the maximal one, dictated by the singularity of the 
elliptic fibration. W.r.t. the base manifold Xq, the singularity is a complex codimension 
2 locus, around which the L)7-brane is wrapped. The term proportional to the Euler 
number x(^8) of the fourfold Xg accounts for the total induced D3-brane charge coming 



from wrapping the -D7-branes over 4-cycles of the base Xq [^5|. The Euler number x(^8) 
of the fourfold Xg is given by: 



x{x. 



h{R) , h{R) 



1 



192 



^8 



tri?^ - - itiR 
4 



2\2 



(5.2) 



The F-theory lift of the superpotential ( |2.32| ) becomes [^ : 



W 



O4 AG'4 



(5.3) 



Xs 



In the following, we shall consider the fourfold 

Xq, — — 



(5.4) 



with r = Z2 X Z2 being the group ( |2.2| ) introduced in section 2. A third Z2 generator 
accounts for the elliptic fibration over our three-fold base Xq = T^/F, discussed in the 
previous sections. More concretely, we have the three Z2-actions 



02 ■.{z\z\z\z^)-^{z\-z\-z\z^) 

es ■.{z\z\z\z^)^{z\z^ 



(5.5) 



z\-z^] 



acting on the four internal complex coordinates z^ , i = 1,2,3,4. The two generators 9i 
and 02 are the generators ( |2.2|) . The third generator 63 reflects both the coordinates z^ 
and 2^. The latter is the complex coordinate of the elliptic fiber T^. 

Let us briefly discuss the orientifold limit of this F-theory compactification, i.e. how 
our previously studied 0(— l)^^/6-orientifold of T^ /Z2 x Z2 arises. Reflecting the fiber 



coordinate z'^ 



corresponds to the monodromy element — 12 € S'L(2,Z), chang- 



ing the sign of the two 2-form fields B2 and C2. However, it leaves all other massless 
fields invariant. It represents a perturbative symmetry equivalent to the orientifold ac- 
tion 0(— 1)^^ 1^^. Hence, the generator 9s corresponds to the orientifold group element 
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^3 = 0(— 1)^^/|, discussed in section 2. Furthermore, we have the foUowing identifica- 
tions: ^2^3 = n{-l)^^li , 910293 = 0(-l)^^4 and ^1^3 = 0(-l)^^/6. The positions of 
the L>7-branes and 07-planes on the base Xq are given by the zeros of the discriminant 
of the eUiptic fiber in an appropriate constant couphng hmit. 

The manifold (T^)^/Z2 belongs to the family of Borcea fourfolds. The latter are 
singular Calabi-Yau fourfolds with SU{4) holonomy, defined by the quotient {K^xK^) /Z2. 
Here, the Z2 acts as an involution, described by (ri,ai,5i) on the first K3, and as an 
involution, described by (r2, 02,^2) on the second K3. It reverses the sign of the (2,0)- 
forms of each Ks, but leaves the (4, 0)-form of the fourfold Xs invariant. Their Euler 
numbers are given by x = 288 + 6 (ri — 10)(r2 — 10). The fourfold ( ^.4|) under consideration 



correspondsi^ to the case", with ri = r2 = 18, ai = 02 = 4, and 5i = 82 = 0. Hence for 
the manifold ( p.4| ) we have: 

x{Xs) = 672 . (5.6) 



With this information, the tadpole condition ( |5.1| ) becomes: 



Nd3^28--^ G4 a 6*4 - V / FAF . 



(5.7) 



Without 4-form fiuxes, i.e. G4 = 0, this equation reduces to: 



Nd7 . 

Nd3 = 28-^/ FAF. (5.8) 

a=l "'C'a;4 



This equation essentially describes the tadpole condition ( |2.12|) of the type IIB orientifold 



discussed in the previous sections. Without instanton bundles on the F>7-branes we would 
conclude, that 28 F>3-branes are necessary to cancel the Ramond 4-form charge. However, 
some care is necessary for the interpretation of Eq. ( [5.8| ) p7[ | : 24 of the 28 F)3-branes are 
dissolved into instantons on the 96 F>7-branes, leaving us with 4 F>3-branes. The latter 
are placed on the orientifold 03-planes and each F>3-brane appears in an orbit of 8 due 
to the group elements 9i, ^2 and O. Hence effectively, we have 4 x 8 = 32 D3-branes in 
agreement with the model presented after Eq. ( |2.21| ). 



Other choices would correspond to type IIB orientifolds with discrete torsion. 

Note, that the orbifold Xq = T /(Z2 x Z2) itself corresponds to an elliptic fibration of Voison- 
Borcea type {K3 x T'^)/Zi2, with the Z2-action decribed by the element 62- The latter reverses 
the sign of the (l,0)-form of the T^ and the sign of the (2, 0)-form of the K3. The numbers 
(r2, 02,^2) = (18,4,0) encode the CY data h(^i^i){Xe) = 51 and h(^2,i){Xe) = 3, provided the K3 
is reahzed as T^/Z2 orbifold limit. 
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A general 4-flux G4 on Xg may be expressed as the sum 6*4 = (^(4 q) +(^(3 1) +^(2,2) + 
G'(i,3)+G'(o,4), written as a linear combination of elements of H^P''^\Xs, C), withp + q = 4. 
Since /i(4,o)(-^8) = ^(0,4) (-^s) = 1, we have the components: 

dz^ A dz"^ A dz^ A dz^ , dz^ A dz'^ A dz^ A <i^^ . (5.9) 

Besides, due to /i(3 i)(X8) = 4, we have the (3, l)-components: 

dz^ A <i2^ A dz^ Adz"^ , rf^^ A <i^^ A dz^ A rf^"^ 
d^^ A dz"^ A (i^^ A dz^ , rf;z^ A (i^^ A dz^ A dz'^ . 

Similarily, for the (1, 3)-components, with h(^i^3){Xs) = 4. Finally, due to /i(2,2)(-^8) = 460, 
we have many (2, 2) components from the untwisted and twisted sector. The untwisted 
sector gives rise to the six (2, 2)-components: 



dz'^ A dz'^ Ad:z^ A dt^ , dz^ A dz^ A dz^ A dz"^ , dz^ A dz^ A dz^ A dz^ 
dz^ Adz"^ Ad:z^ A dz^ , dz^ A dz^ A dz^ A dz'^ , dz^ A dz^ A dz^ A dz^ . 



(5.11) 



In the following, we shall not discuss the remaining 454 (2, 2)-forms corresponding to flux 
components from the twisted sector. It is assumed that their quantization rules freeze 
the blowing up moduli of the orbifold (|5.4|). All the fluxes G^p g), displayed above, are 
invariant under the orbifold group ([5.5|). In addition, they are primitiveli3, i.e. they fulflU 



4 
j5-p-q /\ c'(p,g) = 0, with the Kahler form J on Xg: J = i J2 V dz' A dz". Here, T^^ is 

1=1 
the Kahler modulus of the flber torus. Due to •F(p4_p) = (—1)^ F(p4_p), which holds for 



primitive flux components [^, the fluxes (|5.10|) are anti-selfdual. The remaining fluxes 



( ^.9|) and (|5.11| ) are self-dual. In the case of unbroken supersymmetry, the 4-form fluxes 
G4 have to be self-dual elements ^(2,2) fl^]? leading to a vanishing superpotential (p73|). On 
the other hand, the components ^(4^0) and ^(0,4) break supersymmetry with a vanishing 
scalar potential. Only anti-selfdual components of 6*4, i.e. ^(3^1) and ^(1^3), lead to a 
non-vanishing scalar potential [p3| , ^ . To this end, in our case, a non-vanishing scalar 



potential arises only from non-vanishing components G(3 1) and G'(i 3). 

The supersymmetry preserving (2, l)-form fluxes G3, found in subsection 2.2 for our 
type IIB orientifold compactiflcation on Xq, may be directly lifted to self-dual (2, 2)-form 
fluxes G4 of F-theory. Lorentz-invariance in D = 4 demands, that one component of the 
four-flux G4 refers to the elliptic flber. The other three components refer to the base 



manifold Xq [35]. Another argument is, that a self-dual integer 4-form flux may describe 



At any rate, on a fourfold, all components are primitive, except G(2,2)- The latter may have 
primitive components being self-dual and non-primitive ones being anti-selfdual. 
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an F-theory limit only if it has one of its components w.r.t. the fiber [^|. Hence for that 
case, the 4-form fiux may be written in the SL{2, Z)5-invariant combination: 

G4= ./\. {GsAdz'^-GsAdz''). (5.12) 

[b — b) 

This form of the 4-fiux is at least appropriate in a local trivialization of the elliptic fibration 

In the following, let us make contact to our findings from subsection 2.3. When we 
insert dz^ = dx^ + Sdy^ into the above equation, we find 

G^ = -2Ti[F^Ady^ -H2,Adx^] . (5.13) 

We now want to express 6*4 through the language of section 2.3. To do so, we first define 
our basis for the 4-form fiux: 

cxq = aQ /\ dx , ai = ai A dy , i = 1, . . . , 3, 

7° = /?o A dy^, 7' = /?i A dx"^, z = 1, . . . , 3, 

4 ~ (5-14) 

Po = ctQ A dy , f3i = ai A dx , i = 1, . . . ,3 

5° = /?oArfx^ ?=AArf/z = l,...,3, 

where the a, 7 correspond to ISD fiuxes and the (3, 6 to lASD fiuxes. Expressed in this 
basis, our lifted 3-form fiux becomes 

-. 3 3 

— —T^— 6*4 = c°5o + y] a% + V da' + 60^7° 

with the a, 6, c, d the coefficients of our original 3-form fiux. Now we want to do the 
same in complex notation. We define the following complex basis: 

ujAo = ^Bo Adz^, ujAi = ^Bi Adz^, 

ujbo = ujbo Adz"^, ujBi =uJAi Adz^, 

(5.16) 
ujco = i^Ao A dz , uJci = ^Ai A dz , 

CUDO = ^AO A rfz*, UJDi = ^Bi A dz'^, 

where the u>a, ojc correspond to the ISD fiuxes and the ub-, ojd correspond to the lASD 
fiuxes, and oja = '^c-, ^b = ^d- Expressed through the 5, /3, 7, 5 and the C/* and 5", 
ijJAq for example has the following form: 

^ 3 ^ _ _ 

UAo^aQ + S(3Q^Y^U\(3, + Sai)- ^ U'U^{^' + 35') ^U^u'^u\8^ ^ S^""). (5.17) 
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The form of the other uj can be easily deduced from the above and (|2.36 ). This basis fulfiUs 



/ 



r 3 _. _ 

UJA^^UJC^ = - U B^ ^ 00 D^ = -\{{U' - U' ){S - S) , Z = 0, . . . , 3 (5.18) 



j = l 

while all other combinations of the basis elements are zero. Expressed through this complex 



basis, our 4-form flux (|5.12|) has the following form 



- A uaq - ^ A'ujai - B ujdo - ^ B'uJsi , 

1=1 i=l 

where again the A*, B^ are the complex coefficients of our original 3-form flux. With this, 
we find: 

Y[{u'-Tf) , i 3 \ 

A'/---^/G,AG,^-=.l^-=p [T.m^ -Y.\B'\') ■ (5.20) 

which agrees with Nfiux from Eq. ( |2.39|) . The anomaly equation ( ^.7|) becomes: 

Nd7 



JVZ37 I- 

No3 = 28 + iV;;,, -J2 FAF . (5.21) 

a=l -^C"";* 



So far, we have described the F-theory lift of our type IIB orientifold construction 
with 3-form fiuxes. Generically, F-theory compactified on Calabi-Yau fourfolds with G4- 
fluxes leads to a warped metric. See Refs. [ PB| , |55|J5I]| , P| , [5^ for an account on this subject. 
The next step would be to work out the differential equation for the warp factor following 
from the equations of motion for the 4-form field C4. Furthermore, from the equation of 
motion for the internal metric and dilaton field, a system of differential equations follows 
for the (non-constant) dilaton field. We reserve this for future work. 

6. Concluding remarks 

In this article, we have determined the D = 4, N = 1 tree-level action for a class of 
type IIB orientifold models with D3 and L>7-branes up to second order in the matter 
fields. These models are based on toroidal orbifold/orientifold compactifications of type 
IIB. The action, summarized in the three functions K, W and /, depends on both closed 
and open string moduli fields. Generically, the closed string moduli fields describe the 
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geometry of the underlying type IIB compactification and the open string moduh account 
for moduh fields originating from the L>-branes like matter fields, Wilson lines and the D 
brane positions. We have calculated the Kahler metrics of these moduli fields extending the 
results of Ref. [0. In particular, in subsection 3.3. the metric for matter fields originating 
from a 1/2 BPS system of two D-branes is elaborated upon. We have allowed for both 
non-vanishing RR and NSNS 3-form fiuxes in the bulk and 2-form fiuxes (instantons) 
on the DT-brane world-volume. While the former allow for fixing the dilaton and complex 
structure moduli due to their internal flux quantization conditions, non-vanishing 2-form 
fluxes give rise to a D-term potential flxing a part of the Kahler moduli. The Kahler 
potential K and the gauge kinetic function / only depend non-trivially on the 2-form 
fluxes (c/. Eqs. (|3.10| ) and ( |3.34|) ). On the other hand, as it is well-known, the 3-form fluxes 
enter the holomorphic superpotential W {cf. (|2.32| )). The latter depends on the dilaton and 
complex structure moduli only. A fact, which is at least true in the no-scale case. However, 
since the calculation of the scalar potential and possible soft-supersymmetry breaking 
terms involves both the Kahler potential, gauge kinetic function and the superpotential, 
those terms depend non-trivially both on 2- and 3-form fluxes [cf. Eqs. ( [4.15| ) and (|4.16|) ). 
Generically, most of the discussions on superstring vacua with background fluxes is 
at the level of the lowest order expansion in the string coupling Qs and string tension 
a' of the underlying superstring effective action. Hence the stabilization of some moduli 
takes place at string tree-level. In contrast, one should mention, that there exist purely 
stringy constructions like M-theory t/-duality orbifolds with a large number of moduli 



frozen by the orbifold group and with very few moduli left unflxed |5^. In type IIB, the 
superpotential is exact to all orders in a' as it only depends on the dilaton and complex 
structure moduli and does not receive world-sheet instanton corrections. However, through 
a'-corrections to the Kahler potential, eventually also the F-terms and the scalar potential 
receive corrections. Hence, in general, these effects have to be taken into account and 
it is certainly desirable to go beyond the lowest order approximation. Already if one 
includes one-loop effects into the Kahler potential, the no-scale structure is generically 
lost [^ . In addition, the no-go theorem of supergravity, that only a certain class of fluxes 
(namely ISD-fluxes) lead to a consistent supergravity solution may be disproved by some 
additional stringy effects. Hence the study of effects, which go beyond the supergravity 
approximation, is very important. 
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Appendix A. Fluxes in the presence of D3 and D7— branes 

One way one can think of turning on flux on a Dp-hrane is via the generalized Scherk- 
Schwarz Ansatz: 

p may run only over the coordinates transversal to the brane, so in the case of a DT-brane, 
which fills the directions xq, . . . ,xi (wrapping the tori T^ x T^ ), we have 

As Hijk must always have one index equal to either 8 or 9, not all of the 20 possible 
components are allowed in our case. Not allowed are the fiuxes 

dx^ A dy^ A dx"^ dx^ A dy^ A dy'^ 
dx"" A dx"^ A dy'^ dy^ A dx'^ A dy"^ . 

Expressed in complex notation, this would correspond to the fiuxes -ffj^j2 7 -^122' -^112' -^2X2- 
For DT-branes wrapping the tori T^ x T3 or T2 xT^, we find similar results. Having a 

setup of three stacks of D7 branes, one stack not wrapping T3 , one not wrapping T|, and 

one not wrapping Tf , we lose 12 of the twenty fiux components and are left with fiuxes, 

which have one index on each of the tori. 



Appendix B. Components of the curvature tensor 

We will first derive the components coming from the metric for the matter fields on the 
3-branes. Due to the diagonal structure of the metric, many components of the curvature 
tensor are zero. We are thus left only with the following non-zero components: 

-L\i . % '■ V_T --yQ"^^3 . 

V-U a (JJi _Jj'^\2 '^i^i 

Now we will examine the components coming from the metric for matter fields on the stack 
of 7- branes not wrapping the j'th torus. If we assume the 2-form fiux to be zero, we arrive 
at the same component structure as for the 3-brane. Turning on the 2-form fiux makes life 
a lot harder, as the /* = j^^^ depend on all of the T* and on S. Only few components 
are zero now. The only one that retains the simple structure from above is 



7 • -1 



U^UHi ,^^ _jji^^ Cl'W 
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For the other components, we need to know the 9m(Iiii^"')5 where M runs over 5", T*. 
They can be obtained by taking the total derivative of the imaginary part of equations 
and ( p.7| ) and inverting the partial derivatives. We find 



dS 
dTJ 



—i IraT^ 
T ImS ' 
—i ImT^ 



4 ImT'' ' 



3^k. 



We will also need the dM&wi^^^'^-')- 



a(imrj) 


-3(ImrJ) dilmT^) -1 (ImT-?) 


dSds 


16(Im5)2' dTJdS 16 (Im^)(ImTJ)' 
1 (ImT-^) a(Imr-^) -1 (ImT^) 


dT'^dS 

a(imrj) 


16(Im>5)(ImT'=)' 9^-^^^' 16 (ImT*)(ImT'=) 
1 (ImTJ) a(Imr^) 1 (ImT^) 


a(ImTJ) 


16 (ImTJ)(ImT'=) ' dT^dT^ 16 (ImT^)2 ' 
-3 (ImT^) 



dTWT^ 16 (ImTJ)2 
where M, A^ run over 5", T'^. Now we can write down the remaining i?^'-^: 



:b.3) 



(B.4) 



MNii 



— K 



-2 



\i+if''\^dM\i+ir\&j^\i+ir\- 

l + ^f|{|l + ^r|c»M|l + ^/'|%|l + ^71 + 
+ |l + ^7'=|(|l + ^/'=|aM(%|l + ^r|-|l + ^r|aA,%|l + ^f I)} 



(M,A^)7^ {T'',T''), 






ZZk—G^7,j-^7J - 



K 



X |i + z/'=|2a^.,|i + z/^|a^|i + z/v 

-|l + ^r|{|l + ^r|aM|l+i/'|%|l + ^7'| + 

+ |1 + z/'^KIl + zf I^M^Il + ^r I - |1 + ^r I^M^Il + i?|)} 



■X 



(B.5) 



48 



MNjj 



Ka 



{S-S){W -U^] 
{M,N)^{S,S), 



dM&^\i - rn -dM\i- rr i%|i - n 



1 



\i-pp 



R 



7,j 



-1 



ssjj (S-S) 



:G^r, 



Ka 



2"c;-c, 



■7,j 



TTJn 



-aM|i-/7'l%|i-/7' 



{S-S){W -U' 

1 



i fk\ 



dM&w\i-rf 



\i-fp 



R ' , _ ^ -R ' i _ ^ 

MU a MU^jj 



(B.6) 



where 

dM\l + if''\ 



|l + ^/1-'7T^;S^3^M(Imr^: 



(ImT^ 



c>M%|l + ^/1 = |l + ^/ 



'fci-i 



(/ 



A;N2 



fc\2i 



{[2(/'=)^ + 3(ImT'=)^]x 



ATI- ' "^ I I— ". I (iniT'=)4[(/'=)2 + (iniT'=)2] 

X aM(ImT^)%(ImT'=) - ImT'=[(/'=)2 + (ImT")2]aM%(ImT")}, 

-/7' 



9m|1-/7' 

aM%|i-77' 






[{lmT'')dM{lmT') + {lmr)dM{lmT'')] 



~ (Imr03(i^7-fc)3 

X [-2{lmT''fdM{lrar)aj^{lmT') - {ImT''){ImT')c^{lmT')dM{lmT''] 

+ (Imr^)(ImT'=)2aM9^(ImT^) + (ImT*)2(ImT'=)aM%(ImT^)l . 



(B.7) 

Now we come to the terms coming from the twisted matter metrics. From the metric 

for matter fields going from the 3-branes to the a'th of the 7-brane stacks, we get the 

foUowing components. Again, R 'f.^ _ has the simplest structure and again, R '^^ _, k j^ j 



IS zero. 



p37,a 



UiUii 



-e^ 



uw 



uw^ (t/. _ 17^)2 ^^^^^^''"' ^^'' 



R 



37,j_ 



0, 





'-'IVl ^ ^ 1 ■ 




= 0, 


D37,a 


= -Y^\n{U^-U') aM%(^^)G^3r.c-" , 




j/a 



(B. 
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where 

duO^ = ;~_, ,, V.,9 5M(Imr^^ 



1 1 p 


7r(l + (p)2)(ImTJ)2 



From the metric for matter fields going from the a'th 7-brane stack to the 6'th 7-brane 
stack, we get 



7a,7b ^ -Ogb _ 



Tyia,io _ - ab r^ 

J^__.^k — zzh — ^ 

,7a,7b ^MiOab) 






\) 



I 

+ \ [dM^{ei,)[Moib) + M^ - oL)]+ 

where tj^n is the n'th Polygamma function and 
1 



dMei, = -- 



^ — 9M(imr^) ^-— %-9^M(imr^'; 



1 + (/^^•)2 (Im T^)2 ™^ ' i + (/^)2(Imr^)2 



^^ 2 [-2(ImT^) aM(ImT^) %(ImT^) + 

+ [(/iy + (ImT^) VM%(ImT-')] } . 



(B.ll) 
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